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Urbanization’s effects on the hydrologic cycle have been widely documented.  
In addition, anthropogenic activities associated with urbanization have impacted 
water quality in receiving water bodies, with more exaggerated effects in urban, arid 
climates.  The EPA and other governmental agencies have advocated the use of 
Best Management Practices (BMPs) to mitigate urbanization’s impact on the 
hydrologic cycle and water quality.  The City of Los Angeles is completing 
implementation plans for mitigating pollutants in each of its watersheds in order to 
identify the best locations for potential BMP projects.  However, the ability of 
distributed and regional BMPs to adequately address water quality objectives has 
not been rigorously studied at the watershed scale. The current research utilizes 
EPA’s SUSTAIN model to quantify the impacts of BMP implementation in a highly 
urbanized watershed in Los Angeles. The model is calibrated and validated to 
measured flow and water quality storm events as well as annual runoff volumes and 
pollutant loads. The model outputs rendered a correlation coefficient of 0.99 for 
annual discharge volumes for the 5-year validation period.  In addition, storms larger 
than 0.2” of precipitation modeled well rendering a Nash-Sutcliffe error of 0.95 for 
runoff volumes while peak discharges had an NSE of 0.89. Seven BMP types are 
physically modeled with five BMP types being optimized based on a 30-40% 
average annual metal load reduction. The number of BMPs are optimized using 
SUSTAIN’s non-dominated sorting genetic algorithm (NSGA-II) to generate cost 
effectiveness curves for varying management and implementation scenarios.  
Results indicate that dry weather TMDL exceedances can be reduced by 80% to 
99% while also accomplishing a 10% to 50% reduction in wet weather TMDL 
exceedances.  Secondary benefits, such as flood protection and groundwater 
recharge are also quantified indicating a reduction in peak runoff of 20-50% with 
potential groundwater recharge of 12,000-30,000 ac-ft annually. 
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CHAPTER 1 INTRODUCTION 
 
Human activities such as the construction of roads, buildings, deforestation, 
and agricultural activities can change the Earth’s landscape and affect the hydrologic 
cycle by altering infiltration and runoff (Arnold Jr and Gibbons 1996; Claessens et al. 
2006). Urban pollutants such as trash, bacteria, heavy metals and nutrients are 
introduced to receiving water bodies through anthropogenic activities and can affect 
the quality of the water in the hydrologic cycle (EPA 1999). These qualitative impacts 
can also have impacts on the potential uses of water by polluting waters beyond 
safe limits for drinking water, contact recreation, or natural habitat. 
  From 1945 to 1997 the United States Department of Agriculture (USDA) 
estimated that urban land area increased by more than 300% while much of the land 
converted was forestland, pasture and rangeland (Lai et al. 2007). Furthermore, the 
expected increase in population will continue to stress urban area resources.  This 
increased population will lead to more construction and alterations to the native 
landscape from pervious areas to impervious areas.  It has been proven that these 
alterations affect the hydrologic cycle by increasing peak storm runoff and increasing 
overall storm runoff volumes (Ackerman et al. 2007; Arnold Jr and Gibbons 1996; 
Charbonneau and Kondolf 1993; Franczyk and Chang 2009; Guay 2002; O’Driscoll 
et al. 2010).  In addition, increased population brings more automobiles, industrial 
manufacturing and commercialization, which consequently can increase the 
amounts of potential pollutants available to receiving water bodies.  Pollutants can 
be washed off impervious and pervious surfaces during/after a storm event (wet 
weather) or can be washed off by human activities such as excess irrigation and 
cleaning activities (dry weather). Wet weather and dry weather flows which enter 
receiving water bodies via storm drain systems and overland flow are referred to as 
non-point sources (NPS), while industrial dischargers such as wastewater treatment 
plants (WWTP) are referred to as point sources (PS). All of these urbanization 
activities lead to quantitative (i.e. increased amounts of runoff) and qualitative (i.e. 
more polluted runoff)  effects on the hydrologic cycle.  These impacts have 
 




consequences on habitat, biological resources, public health as well as contribute to 
socio-economic impacts (EPA 1999).  The United States Environmental Protection 
Agency (USEPA) (EPA 1992) has also stated that NPS pollution is now the leading 
threat to water quality in the United States.   
The alteration of the hydrologic cycle, as stated above, is commonly referred 
to as hydromodification (Stein et al. 2012).  The USEPA initially defined 
hydromodification as “alteration of the hydrologic characteristics of coastal and non-
coastal waters, which in turn could cause degradation of water resources.” The 
USEPA (Mohamoud 2010) further broadened the definition to include urbanization, 
climate change, water withdrawals and inter-basin transfers.  The results of 
hydromodification could include increased erosion along coastal waters and 
streams, reduced quantities of water in a watershed, reduced quality of water in a 
watershed and degraded habitat.  
Humans are an active part of earth’s environment along with climate, geology, 
and other biological organisms which all impact the environment as a whole.  It is 
unrealistic for humans to have “zero” impact on the environment, however it is 
humans’ responsibility to minimize our impact and mitigate for it where applicable, 
especially when our impacts could have long-term detrimental effects on life.  
Humans are making and effort to mitigate their quantitative and qualitative impacts 
on the hydrologic cycle; however these mitigation efforts typically focus on individual 




The purpose of this research is to present scenarios, which could successfully 
mitigate for the harmful impacts of anthropogenic activities as discussed above. The 
current project shall: 1) identify suites of Best Management Practice (BMP) 
scenarios which can lead to Total Maximum Daily Load (TMDL) compliance, 2) 
quantify the multiple benefits provided by BMPs beyond their primary water quality 
improvement purpose, 3) analyze existing water quality data gathered within the 
 




watershed for trends, 4) evaluate the success of physical BMP modeling.  Specific 
questions that shall be answered include: 
a) Is the EPA SUSTAIN model suitable for evaluating BMP effectiveness at the 
watershed scale and what are the model constraints? 
b) How many and/or how much area for BMPs is necessary to achieve specific 
water quality objectives for a watershed? 
c) How sensitive is receiving water body quality to BMP types, parameters and 
locations? 
d) Is physically modeling BMPs an improvement over anticipated efficiencies 
based on empirical data? 
e) Will the use of structural and non-structural BMPs mitigate pollutant loads 
within TMDL limitations for watersheds?  
This project focuses on the Ballona Creek watershed in southern California; 
however study objectives are pertinent to municipalities and agencies throughout the 
United States. The overarching goal of this research is to determine the influence of 
BMPs and/or Low Impact Development principals (LIDs) in mitigating urbanization’s 
effect on the hydrologic cycle and water quality at the watershed scale.  In addition, 




This research effort is part of a larger, on-going research project, The Los 
Angeles Clean Water Sustainability Analysis (LACWSA).  Section 1.5 outlines the 
overall research effort.  The scope for this portion of the research focuses on the 
surface water portion of the Ballona Creek Watershed in the City of Los Angeles as 
indicated by the bold box in Figure 1.  Primary benefits might include reduced effects 
of storm peaks, reduced downstream flood risk and reduced pollutant loads entering 
receiving water bodies.  Examples of secondary/ancillary benefits of potential water 
quality improvement projects could include new active or passive recreation 
 




opportunities, additional habitat area for macro-invertebrates and migratory birds, 
and constructing projects in areas that are park poor or economically under 
privileged. To achieve the goals outlined above the project followed the tasks 
presented below: 
1. Model setup - including data gathering, processing, and input to the 
Geographic Information System (GIS) platform which is used to 
parameterize the SUSTAIN model. 
2. Sensitivity testing of model hydrologic, water quality, and BMP 
parameters. 
3. Calibration of model hydrologic, water quality, and BMP parameters. 
4. Validation of model outputs for hydrology (water quantity) and water 
quality. 
5. Simulation of existing/baseline water quantity and quality. 
6. Simulation and optimization of future BMP scenarios. 
7. Analysis of modeling constraints and limitations. 
8. Conclusions and recommendations 
 
1.3. Regulatory Background 
The Federal government is attempting to address quantitative and qualitative 
surface water problems through several pathways.  In 1972 Congress passed what 
is commonly referred to as the Clean Water Act (CWA)(EPA 2003). The key 
elements of the CWA include: the regulating structure of pollutants to waters of the 
United States (US), granting authority to the USEPA to implement pollution control 
programs, setting water quality standards for surface waters of the US and making it 
unlawful for any pollutant to be discharged to waters of the US without a permit.  
Section 402 of the CWA requires the USEPA to develop and implement the National 
Pollutant Discharge Elimination System (NPDES) permitting program.  The CWA 
allows for the NPDES program to be administered by each state.  The CWA also 
 




permits the USEPA to set effluent limits based on water quality objectives and to 
protect receiving water bodies.  Section 303(d) of the CWA requires each state to 
identify water bodies which are impaired with pollutants such that the intended use 
of the water body is prohibited by established pollutant limits (e.g.. heavy metal 
concentrations preclude using a water body as a source for drinking water). 
 
Figure 1.  Overall project flowchart. 
 
In addition to the CWA provisions, the State of California (State) also passed 
the Porter-Cologne Water Quality Control Act (PCA), which is now known as the 
California Water Code (CWC).  Under the CWC the State assigned water rights and 
water quality policy to the State Water Resources Control Board (SWRCB), which 
also coordinates with the USEPA in administering the NPDES program. The 
SWRCB is also made up of nine Regional Boards.  The City and County of Los 
Angeles fall under the purview of region 4, the Los Angeles Regional Water Quality 
Control Board (LARWQCB). 
To comply with section 303(d) of the CWA, Regional Boards also must 
establish TMDLs in order to maintain or restore receiving water bodies’ beneficial 
uses.  Beneficial uses include, but are not limited to, drinking water, contact 
recreation, wildlife habitat, etc.  A TMDL is defined as the “sum of the individual 
 




waste load allocations for point sources and load allocations for nonpoint sources 
and natural background” (40 CFR 130.2) such that the water body can absorb stated 
pollutants not to exceed the water body’s capacity.  For example, a TMDL for a 
stream reach could be described as the upper limit at which the stream’s natural 
function of supporting life begins to be compromised.  Permitees must prepare 
TMDL Implementation Plans and Sampling Plans for approval by the Regional 
Board and the USEPA.  These plans may include structural and non-structural 
BMPs or LID strategies to reduce pollutants to acceptable levels.  Regional Boards 
also prepare Basin Plans, which designate beneficial uses for surface and 
groundwater, set numerical and narrative objectives (i.e. TMDLs) to protect/restore 
beneficial uses, and describe implementation programs.  The Basin Plans are 
continuously updated to include new TMDLs and implementation programs and are 
approved by the SWRCB and the USEPA.   
TMDLs are the measuring sticks with which BMP implementation success is 
determined.  Ballona Creek has TMDLs established for trash, toxics, bacteria and 
metals.  Each of these TMDLs is on separate implementation timelines.  
Furthermore each TMDL is generally implemented in a phased manner such that 
compliance is attained in incremental amounts over a set time period.  For example, 
the Ballona Creek metals TMDL stipulates that 6-years after the effective date of the 
TMDL the permittee shall demonstrate that 50% of the total drainage area is 
effectively meeting the dry weather waste load allocations (WLA) and 25% of the 
total drainage area is effectively meeting the wet weather WLA.  Individual TMDLs 
also demarcate the numerical limit between dry weather and wet weather conditions 
or establish timeframes, which establish wet weather and dry weather periods.  For 
further discussion on TMDLs and numerical pollutant limits used in this project see 
Section 3.1.1. 
The NPDES program addresses both PS and NPS discharges to receiving 
water bodies.  However, the focus of this portion of the overall research is on NPS 
discharges, which are typically characterized as diffuse sources of pollutants such 
as those carried by surface runoff.  In order to address this diffuse source the 
 




NPDES program created Municipal Separate Storm Sewer System (MS4) permits.1 
The CWA requires MS4 permitees to eliminate non-storm water discharges and to 
reduce the discharge of pollutants to receiving water bodies “to the maximum extent 
practical.”  The NPDES program created two phases for compliance.  For simplicity 
sake, phase one permitees consist of large cities, counties, and transportation 
agencies, while phase two permitees are comprised of the remaining smaller cities.  
In Los Angeles, the MS4 permit is issued to the County of Los Angeles (County) with 
all of the cities within the county (except Long Beach) listed as co-permitees.  
However, a report by the National Research Council (NRC) concluded that basing 
the MS4 permitting on watersheds rather than political boundaries was a more 
effective approach to address water quality problems (NRC 2009).  The most recent 
permit issued by the LARWCB altered the previous hierarchy to align with the 
watershed-based approach recommended by the NRC.  The latest permit2, which is 
currently under review, still issues the permit to the County but establishes permittee 
groups based on watersheds.  This helps by removing smaller cities located within 
the County that are not tributary to certain receiving water bodies.  For example, 
Culver City is not tributary to the Los Angeles River; therefore they should not be 
responsible for mitigation.    
The City of Los Angeles (City) has implemented several strategies to set a 
course toward NPDES permit compliance.  Two key strategies include the use of 
BMPs and LIDs within the city.  New and redeveloped projects in the city must 
adhere to LID principals, which aim to mimic the existing hydrologic patterns of a 
particular site.  BMPs are one tool that is used to accomplish this goal.  BMPs could 
be installed on new project sites or they could be retrofitted into existing projects.  
Typical BMPs implemented in Los Angeles include: dry detention basins, infiltration 
basins/trenches, constructed wetlands, grass swales/strips, and bioretention.  On 
new/re-development projects these mitigation requirements are administered 
through the implementation of a Standard Urban Stormwater Mitigation Plan 
                                            
1
 In some parts of the US, storm drains are combined with sanitary sewers and are referred to as 
combined sewers.  Los Angeles does not utilize combined systems, thus this project shall only deal 








(SUSMP). The SUSMPs prepared by each project address proposed project 
impacts, however existing development that has occurred over the last century also 
needs mitigation as the majority of NPS pollution originates from these sources 
(Fassman 2012).  SUSMPs must show treatment of the first-flush storm events.  
Studies have reported that the initial portion of runoff from a storm event carries the 
highest loads of pollutants and are thus referred to as first flush (Stein et al. 2008; 
Tiefenthaler and Schiff 2001; Wu et al. 2006).  In Los Angeles, the first flush for 
volume based BMPs is defined as the first 0.75-in of a storm event and 0.2 in/hr for 
flow based BMPs.  These thresholds have been established based on an expected 
80% removal of pollutants, which has been established as the economical break 
point (Ackerman et al. 2007).  Furthermore, this volume and rate are approximately 
equal to the 85th percentile storm event and has been recommended as the target 
storm by the LARWQCB.  
The City has completed implementation plans for individual TMDL pollutants 
in each of its major watersheds in order to identify the best locations for potential 
BMP projects where they could be most efficient and cost effective.  However, it has 
yet to be studied, at a watershed scale, if implementing these individual BMP 
projects will adequately address water quality objectives for receiving water bodies, 
such as Ballona Creek, Ballona Estuary, and Santa Monica Bay.  It has been 
reported that this BMP performance-based approach is less effective compared to a 
more comprehensive receiving water body quality BMP approach (Wu et al. 2006) 
that is utilized in this study.   
The City’s requirement of completing SUSMPs for new projects has mitigated 
their effect from compounding hydromodifications and water quality problems.  
However, they do not address existing parcels that contribute to the degradation of 
receiving waters such as Ballona Creek.  To address the impacts of existing parcels, 
Los Angeles voters passed a bond measure in 2004 titled Proposition O (Prop O)3, 
which established $500 million for projects to protect human health by cleaning up 
polluted waterways. The projects constructed and implemented as a part of Prop O 
                                            
3
 http://www.lastormwater.org/green-la/proposition-o/   
 




are scattered throughout the City’s watersheds and are likely having an impact on 
water quality within their respective sub-watersheds.  However, it has yet to be 
documented if the combination of these projects with SUSMP projects will have an 
impact on water quality in receiving water bodies such as Ballona Creek or the Los 
Angeles River.  It is important to note that the majority of Prop O projects are located 
outside of the study area, primarily in the Los Angeles River watershed. 
 
1.4. Study Area 
Southern California’s climate can be described as Mediterranean and semi-
arid.  The Los Angeles Basin falls into this climate category.  The region receives 
approximately 15-inches of precipitation annually, the majority of which is received 
between December and March (Western Regional Climate Center, WRCC).  Due to 
these climate characteristics, historically, imported water from the Sierra Nevada 
Mountains and the Colorado River has sustained the ever-growing region’s domestic 
and agricultural uses.  Imported water impacts the local and regional hydrologic 
cycle by inserting non-native water into a semi-arid system.  This is most evident in 
Ballona Creek and the Los Angeles River, which are both predominantly concrete 
lined, thus limiting groundwater influxes to the streams yet during dry months flow 
continues in these streams. Some studies have recorded runoff ratios that exceed 
the theoretical threshold of 1.0, likely caused by high amounts of imported water 
during exceptionally dry years (Liu et al. 2011).  
The overall project considers all of the watersheds in the City of Los Angeles 
including: Ballona Creek, Dominguez Channel and Los Angeles River watersheds. 
The research presented in this thesis focuses on the Ballona Creek watershed, 
which includes Ballona Creek and the Ballona Estuary. Ballona Creek watershed is 
centrally located in the City of Los Angeles, in between the Los Angeles River 
watershed and the Santa Monica Bay watershed (Figure 2).  The methodologies and 
principals described in this portion of the research shall also be applied to the 
remaining watersheds as a part of the overall project. 
 
 





Figure 2.  City Los Angeles watersheds. 
 
 
1.5. Los Angeles Clean Water Sustainability Analysis Project  
The research is tied to a larger ongoing project that aims to consider the 
overall water usage in the City of Los Angeles including potable water, wastewater, 
recycled water, stormwater/surface water, grey water, etc.  This larger project, the 
Los Angeles Clean Water Sustainability Analysis (LACWSA), has over-arching goals 
of: improving surface water quality, maintaining flood protection, decreasing 
imported water, adding community value, protecting public health and safety and 
accomplishing these goals in an efficient and cost effective manner.  In addition, 
multiple benefits shall be considered such that improvements to a particular water 
sector (i.e. storm water) may also have benefits/impacts to other sectors such as 
wastewater or potable water.  Furthermore, ancillary benefits of projects, such as 
community benefits, shall be considered.  Studies have reported that through public 
participation community members will support stream restoration, which is one 
example of a water quality improvement project, with a higher cost if community 
benefits and amenities are established (Kenney et al. 2012). 
 




 The current research focuses on storm water/surface water; however it is only 
a portion of the larger research effort, which focuses on the overall water usage in 
the City of Los Angeles.  The over-arching research effort shall utilize a decision 
support system (DSS) in order to better portray the water balance in the Los Angeles 
region.   DDS’s has been used throughout California to study varying water 
management strategies, in addition to climate change scenarios, on downstream 
users (Null et al. 2010; Purkey et al. 2006; Young et al. 2009).  The DSS is 
commensurate with the Water Balance node illustrated in Figure 1.  The storm water 
research outputs completed, as a part of this thesis project, shall be included in the 
DSS analysis.   
  
1.5.1. Surface Water 
 The LACWSA considers water entering the City of Los Angeles via several 
pathways.  It also considers how water is used within the City, recycled and used 
again, or exits the City via discharges.  The City of Los Angeles could be described 
as a representative volume with water fluxes in and out of the storage unit (Figure 
3).  This comprehensive view of water has been referred to in the City as a “one 
water approach.”  This approach was established in the City’s Integrated Resource 
Plan (IRP), which was updated in 2012.  The IRP aims to integrate water supply, 
water conservation, water recycling, runoff management and wastewater facilities 
planning using a regional watershed approach.  The overall LACWSA aims to mirror 
this approach and this project concentrates on the runoff management portion.   
The surface water component of Figure 3 incorporates precipitation as a flux 
into the system.  Runoff and evapotranspiration are output fluxes and groundwater 
could be involved as both an influx and outflux.  If the overall goal is to reduce 
imported water, then the City must be more efficient with the other influxes such as 
precipitation.  For example, if precipitation was held constant and runoff was 
reduced with all other outfluxes held constant then the amount of water stored in the 
City would increase, thereby increasing the amount of water available for human 
use.  In addition, the quality of the water held in the storage component of the City is 
also important.  Using the previous example, if the amount available for use was 
 




increased but overall quality was reduced then it may not be beneficial.  This 
illustrates the “one water approach” of the LACWSA and this portion of the project 
that focuses on surface water.  
  
Figure 3.  Los Angeles water balance schematic. 
 
 





CHAPTER 2 STATE OF THE ART IN URBAN HYDROLOGY,                          
WATER QUALITY, AND BMP MODELING 
 
In order to better frame the project’s impacts on the application of hydrologic 
science a thorough literature review was completed.  The literature review included 
hydrology and water quality modeling as a tool, influences of urbanization on 
hydrology and water quality, and impacts and efficiencies of BMPs. 
 
2.1. Hydrology and water quality modeling 
Scientist and engineers have used hydrology and water quality models for 
decades.  Micro-scale studies of the interactions between surface water and 
groundwater have been essential in furthering our understanding of the hydrologic 
cycle.  The interactions of elements in the hydrologic cycle are very complex and are 
difficult to scale-up from a micro to a macro-scale (Singh and Woolhiser 2002).  
Furthermore, it is unrealistic to gather sufficient field data to accurately re-create the 
heterogeneity of a system at a watershed scale (Beven 1989; Borah 2011; 
Goonetilleke et al. 2009; Muleta et al. 2013).  Thus, mathematical models are 
necessary to simplify the complex processes occurring and necessitate an 
assortment of parameters such as precipitation, runoff, land use, climate variables, 
surface and subsurface characteristics to name a few (Dotto et al. 2010).  In general, 
hydrology models aim to: characterize runoff, quantify pollutant loads and/or 
concentrations, describe inputs to receiving waters and provide inputs to cost-benefit 
analysis (Tsihrintzis and Hamid 1997).  In addition, hydrologic and water quality 
models are used as predictive tools. 
Many models in hydrology are empirically based or conceptual models (Borah 
and Bera 2003; Fisher et al. 1997).  The characteristics of conceptual models 
necessitate that parameters must be calibrated in order for the model to give realistic 
results.  Typically, calibrated models are then validated using separate input data 
and success is evaluated using a variety of statistical measures or objective 
 




functions (Westerberg et al. 2011).  Varying degrees of success may be achieved on 
different pieces of the model output hydrograph such as overall runoff volume, peak 
runoff discharge, or runoff timing.  Tsihrintzis and Hamid (Tsihrintzis and Hamid 
1998) suggested using weighted statistics and/or objective functions because some 
parameters effect different portions of the output hydrograph.  Wagener et al. 
(Wagener et al. 1999) also stated that objective functions should be adapted toward 
the specific purpose of the modeling exercise. 
Uncertainty is also an important part of hydrologic modeling.  The sources of 
uncertainty could be process driven, data driven, or system driven (Fletcher et al. 
2013; Muleta et al. 2013; Zoppou 2001).  Most models, on some level, attempt to 
simulate heterogeneous elements in a homogenous manner, thus uncertainty is 
present.  These complex interactions make it increasingly difficult to mimic natural 
systems.  However, depending on the circumstances, a model may not need to 
precisely mimic a natural system if the uncertainty is appropriately accounted for 
when reporting outputs and drawing conclusions.  Some have stated that reliability 
estimation should be included with hydrology models (Beven 1989).   
Most models are developed for use in a specific sector (i.e. urban agricultural, 
flood control, water quality, etc.). Correspondingly each model should perform better 
when the objective of a particular study falls within its intended sector, however most 
studies do not operate in a single sector.  Some applications may need to review 
both urban and agricultural areas while others may need to consider both 
quantitative flood control measures and water quality objectives.  Generally this 
leads to the development of a new model or a coupling of two existing models.  
These new or coupled models attempt to take the best elements of each model to 
produce an overall improved model that accounts for the interactions between 
elements.  Several studies have reviewed and compared hydrologic models and 
outlined each model’s strengths and weaknesses (Borah 2011; Singh and Woolhiser 
2002; Zoppou 2001).  Section 3.2 describes the hydrology models reviewed for 
potential use in this project. 
 




 Water quantity is generally tightly bound to water quality as the amount of 
runoff is generally directly related to the amount of pollutant washed off.  Several 
studies have completed thorough reviews of the most widely used water quality 
models (Booty and Benoy 2009; Borah and Bera 2003).   Water quality variability 
increases with drainage basin size and could be influenced by introducing more land 
use heterogeneity, varying levels of cleaning and maintenance activities, and 
anthropogenic activities (Calhoun et al. 2002; Zhang et al. 2012). 
 
2.2. Urban hydrology and water quality 
Urban hydrology models, as the name implies, are geared toward developed 
uses with higher impervious areas, lower total suspended solid (TSS) pollutants and 
lower nutrient loadings compared to agricultural-centric models.  Land use is 
perhaps the most important parameter in hydrology models that simulate NPS 
discharges (Charbonneau and Kondolf 1993).  Land use can typically be tied to a 
small range of percent impervious for a group of parcels.  Land use and 
imperviousness have been directly linked with watershed health (Holman-Dodds et 
al. 2003). High imperviousness increases peak discharges and overall runoff 
volumes in comparison to parcels with low imperviousness.  In addition, though the 
impervious area does not necessarily directly contribute pollutants, it easily 
mobilizes pollutants during runoff events (Arnold Jr. and Gibbons 1996).   
Historically, land uses have been linked with average imperviousness based 
on the locally zoned allowable activities on a parcel.  For example, a commercial 
zoning designation allows for a wide range of activities including retail and office to 
name a few.  These uses generally require a certain percentage of the overall parcel 
for buildings, parking lots, landscaping, etc. irrespective of parcel size.  Thus, an 
average or median percent impervious is associated with the over-arching land use 
based on a representative sampling of parcels.  While this is adequate for zoning 
and planning purposes it can carry a tremendous amount of uncertainty and 
variability as it would be unrealistic to track and/or field collect data for each parcel in 
a watershed.  This uncertainty and spatial variability has given rise to the use of 
remote sensing data in urban areas.  National Aeronautic and Space 
 




Administration’s (NASA’s) LandSat imagery, which is produced by several 
generations of satellite data, can graphically represent land uses based on the 
wavelength of reflected light off of the surface of the earth (Williams et al. 2006).  
However, the land uses reported by LandSat are more general such as forest, 
grassland, urban, etc., which are not helpful for distinguishing intra-urban areas. 
However, LandSat can also render imagery based on impervious areas within a 
given cell size (i.e. 30-meter x 30-meter).  Thus LandSat imagery can capture the 
spatial variability of imperviousness that cannot truly be represented by the land use 
method (Goward et al. 2001).  
Pollutants of concern in urban watersheds include heavy metals such as lead, 
copper and zinc; nutrients such as nitrogen and phosphorous; toxics which could 
include polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), 
fertilizers, pesticides and other organic compunds; total suspended solids (TSS); 
bacteria (i.e. pathogens); and trash.  Nutrients, fertilizers and pesticides are 
generally associated with agricultural activities, however agricultural areas do exist 
in urban settings and urban areas often incorporate landscape areas, which have 
the potential to produce similar pollutants as agricultural areas.  TSS by itself can be 
a pollutant by causing siltation and clogging waterways, however TSS can also act 
as a vehicle that carries other pollutants.  Various heavy metals, PAHs and nutrients 
can absorb to sediment particles.  However studies are inconclusive in establishing 
a correlation between TSS and other pollutants (Brezonik and Stadelmann 2002; 
Han et al. 2006; Kayhanian et al. 2007; Maniquiz et al. 2009).  Many of these 
pollutants are atmospherically deposited onto pervious and impervious areas, while 
others are deposited via anthropogenic activities and are mobilized during runoff 
events.  In some cases such as industrial and manufacturing activities on parcels, 
pollutants are directly deposited by the activities occurring on the land.  It is for this 
reason that many studies link land use with the amount of potential pollutants 
generated/delivered by a parcel to receiving water bodies. 
Most models use a land use based pollutant loading method.  The EPA’s 
Nationwide Urban Runoff Program (NURP)(EPA 1983) reported wide ranges of 
pollutant concentrations occurring in surface runoff from five land uses: residential, 
 




commercial, industrial, mixed urban, and open/non-urban.  The wide ranges 
reported further solidify that land use pollutant loading contains a large amount of 
uncertainty, as previously reported by Park et al. (Park et al. 2011).  However some 
models such as SWMM can utilize pollutant loading curves or power/exponential 
functions to simulate surface runoff pollutant concentrations (Rossman 2010). 
Peaks in pollutant concentration can occur prior to hydrograph peaks, thus 
exhibiting a “first flush” characteristic where a majority of the pollutant loading occurs 
during the first portion of a storm event (Stein et al. 2008).  However this first flush 
characteristic is not always exhibited depending on watershed size, storm size and 
pollutant type (Hathaway and Hunt 2011).  Most data collection does not occur over 
an entire storm event and may or may not be composite samples.  Therefore many 
models incorporate event mean concentrations (EMCs) as alternatives to pollutant 
curves.  The EMC method’s principle assumption is that the total pollutant load is 
distributed evenly across an entire storm event and that log normal distributions fit 
well for influent and effluent (Strecker et al. 2001).  This is a valid assumption when 
total loads are of primary concern and concentration thresholds are of lower 
importance (Donigian and Huber 1991).  This is mostly true for TMDLs that are 
primarily interested in the total pollutant load entering a receiving water body.  There 
are exceptions to this generalization where a particular pollutant may not be allowed 
to exceed a concentration threshold. Although some studies (Wicke et al. 2012) 
have successfully used the exponential pollutant build-up/wash-off method; others 
have reported that storm intensity functions are necessary in the exponential 
equations (Egodawatta et al. 2007). 
In addition to wet weather pollutant loads, which are mobilized during or after 
a storm event, dry weather pollutant loads can also be critical to the health of a 
receiving water body.  Depending on the amount of precipitation received in a given 
year, the dry weather pollutant loading can account for as much as 42% of the trace 
metal loading (McPherson et al. 2002).  Therefore it is equally important to include 
dry weather flows and pollutant loads in any continuous simulation model. 
 




Bacteria are also an important urban pollutant that can impact receiving water 
bodies used for drinking water and contact recreation.  Over a five-year period, 
SCCWRP reported that 13% of the shoreline mile-days in Santa Monica Bay 
exceeded the State’s standards(Schiff et al. 2003).  Total coliform, fecal coliform, 
Streptococcus, Enterococcus, and E. Coli are generally used as indicator bacteria 
during water quality monitoring.  Bacteria differ from other pollutants in that they are 
not a conservative substance and are living organisms.  Though some studies treat 
them as conservative substances others have reported they may correlate with a 
combination of temperature, sunlight, antecedent dry days, and net radiation to 
name a few (McCarthy et al. 2013).  In a separate study McCarthy et al. 
demonstrated that E. Coli does not correlate with TSS and can vary substantially 
within storm events (McCarthy et al. 2012).  This extreme variability leads to 
comparisons of bacteria concentrations in logarithmic form.  Moist, warm 
environments are conducive to bacteria growth, on top of potential vector problems, 
thus proper maintenance of BMPs is critical. 
   
2.3. Best Management Practices (BMPs) and Low Impact Development (LID) 
BMPs have been used throughout the US for decades.  Various agencies and 
municipalities as well as current academic research have varying definitions of 
BMPs and LIDs. For the purposes of this study, BMPs can be categorized as 
structural: a physical improvement, and non-structural: a programmatic 
improvement.  Examples of structural BMPs include detention basins, constructed 
wetlands, grass swales and strips, bioretention, cisterns and porous pavement.  
Non-structural BMPs could include street sweeping, trash receptacles, signage or 
educational outreach.  The California Stormwater Quality Association (CASQA) 
publishes a California Stormwater BMP Handbook (CASQA 2003) that is widely 
used by engineers and required by many municipalities as a design guideline for 
BMPs.   
LIDs could be described as design concepts and/or elements that can be 
incorporated in a new project which aim to preserve a site’s pre-developed 
hydrology.  Examples of LIDs include reducing a building footprint; limiting earth 
 




disturbing activities and re-vegetating disturbed areas.  The other primary distinction 
between BMPs and LIDs is that BMPs typically address pollution that has already 
entered runoff, whereas LIDs aim to prevent pollutants from ever contacting runoff. 
LIDs also aim to preserve a specific site’s hydrologic characteristics such as 
infiltration.  It is also important to note that LID and BMP effectiveness is directly 
linked to weather which is why the Low Impact Development Center created the Low 
Impact Development Manual for Southern California (The LID Center 2010).  This 
technical guidance document is also widely used by engineers and municipalities 
throughout the region because it is specifically geared toward Southern California’s 
semi-arid climate. Although these manuals are excellent tools for BMPs and LIDs 
they generally do not dive into specific processes that are occurring in BMPs/LIDs 
and focus more on the selection and design. 
Stormwater BMPs are typically passive treatment systems that use settlement 
and decay as the primary treatment mechanisms.  It is acknowledged that other very 
complex chemical and biological process can and do occur within BMPs; however 
these details are beyond the scope of this study.  Some studies have demonstrated 
that pollutants such as metals, nutrients, and toxics are absorbed to suspended 
solids (EPA 1999; Yuan et al. 2001).  Thus, settling of TSS is generally the primary 
target of a majority of BMPs.  Dissolved forms of these pollutants can also be 
problematic since they are more bio-available to plants and animals however in 
these instances it is generally a better strategy to address pollutants before they 
enter the system.  Pollutant decay can also occur in/through BMPs depending on 
numerous chemical variables such as temperature and pH.  Given that settlement 
and decay are highly variable with climate, geology, storm characteristics, etc. these 
parameters must be calibrated when modeled. 
Few models incorporate the physical processes that occur in/through a BMP.  
More commonly models use empirical data of a particular BMP to estimate its 
removal efficiency in a given watershed or to estimate an effluent concentration.  It is 
well documented that BMP pollutant removal efficiency, particularly pollutant percent 
removal, is a poor measure of a BMP (Barrett 2008; Strecker et al. 2001).  The 
primary deficiency is that removal efficiency does not consider the effluent 
 




concentration, thus a BMP that treats influent with a high concentration has an unfair 
advantage over a BMP that treats influent with a low concentration.  The later may 
provide effluent that meets regulatory requirements with low removal efficiency while 
the former may not provide effluent that meets requirements but with high removal 
efficiency.  Uncertainty associated with various BMP models that use the 
International BMP Database (IBMPD) is of upmost importance (Park et al. 2011).  
Infiltration has been promoted as the preferred method in mitigating for 
urbanization’s effects.  However, there are concerns that infiltrating urban runoff can 
have detrimental impacts on groundwater.  Studies have been inconclusive on this 
point (Eillis 2000; Perez-Pedini et al. 2005; Pitt et al. 1999) and additional, long-term 
studies are necessary to determine if pollutants in surface runoff which is infiltrated 
can be mobilized into groundwater or aquifers. Depending on soil characteristics 
many BMPs only infiltrate into the vadose zone, which is the depth of soil that 
experiences saturated and drying conditions. Specifically in semi-arid climates it can 
be difficult to model or predict the amount of infiltrated water passing through the 
vadose zone and into groundwater versus infiltrated water which is held in the 
vadose zone and eventually evaporated or taken up by plants (Xu et al. 2012). 
Street sweeping is perhaps the most common non-structural BMP.  However, 
the effectiveness of street sweeping can vary substantially.  The EPA even went as 
far to question if street sweeping provided any statistically significant pollutant 
removal (EPA 1983).  Some case studies have attempted to include street sweeping 
as a non-structural BMP with mixed success (Bannerman et al. 1993; Egodawatta et 
al. 2007; Shoemaker et al. 2013).   
 





CHAPTER 3 METHODOLOGY 
 
 Since many of the BMP projects within the City of Los Angeles have yet to be 
fully conceived and site-specific sampling is limited, hydrologic modeling will be the 
primary vehicle to drive the project.  As noted in several studies (Baffaut and Delleur 
1989; Liong et al. 1991; Warwick and Tadepalli 1991) it is vital that any hydrologic 
model be calibrated and validated.  Therefore a physically based, deterministic 
model was selected for the project and was calibrated and validated with field-
collected data.  The section that follows outlines the study area, which this model 
was applied as well as a review of various hydrology models; the methodology of the 
selected model; a description of the model setup, calibration, and validation.  
 
3.1. Description of Study Area 
The Ballona Creek watershed is the primary focus of the current research 
because of its long history of detailed studies (Barco et al. 2008; Liu et al. 2011; 
Park and Stenstrom 2006).  In addition, available data is more abundant in the 
Ballona Creek Watershed compared to the other watersheds within the City of Los 
Angeles.  However it is anticipated that the methodologies established in this thesis 
will be used in other watersheds in the Los Angeles area.  
Ballona Creek watershed is a coastal watershed with headwaters in the Santa 
Monica Mountains and drains to the Pacific Ocean near Marina Del Rey and through 
the Ballona estuary.  It is incorporates 128 mi2 however due to tidal influences the 
County gauge for Ballona Creek is located upstream from the estuary, near 
Sepulveda Boulevard, and only includes 89.5 mi2 of the total watershed.  For the 
purposes of this study Ballona Creek watershed shall refer to the portion upstream 
of the County gauge station.  The majority of the watershed is contained within the 
City of Los Angeles, but portions are contained within the cities of Beverly Hills, 
Culver, Hawthorne, Santa Monica and West Hollywood.  Ballona Creek watershed is 
highly urbanized (approximately 90% developed) (Ackerman et al. 2005) and is 
 




within the Santa Monica Bay hydrologic unit code (HUC) 18070104.  Major 
tributaries to Ballona Creek include Centinela Creek, Sepulveda Canyon Channel 
and Benedict Canyon Channel.  In addition the Water Quality Control Plan for the 
Coastal Watersheds of Los Angeles and Ventura Counties (Basin Plan)4 divides the 
creek into three sections: Reach 1 from Cochran Avenue to National Boulevard, 
Reach 2 from National Boulevard to Centinela Avenue and the Estuary from 
Centinela Avenue to the Pacific Ocean (Figure 4). The creek is channelized from its 
terminus near the estuary, upstream to the intersection of Cochran Avenue and 
Venice Boulevard where an extensive network of subsurface storm drains begin.  
 
 
Figure 4.  Study area and receiving waterbody reaches. 
 
Flows in Ballona Creek vary from 0 to 100 cubic feet per second (cfs) during 
the dry season and in excess of 36,000 cfs during storm events depending on the 
amount of precipitation and the intensity of the precipitation event (Ackerman et al. 
2005). 









3.1.1. Pollutant Loading for Ballona Creek Watershed 
The State and Regional Water Quality Control Boards, with help from the 
USEPA, have studied the impacts pollutants have on receiving water bodies.  The 
Basin Plan created by the LARWQCB breaks Ballona Creek into three primary 
sections: Reach-1, Reach-2 and the estuary as well as identifies several major 
tributaries: Centinela Creek and Sepulveda Channel.  The study area for this 
exercise uses the gauged portion of the watershed, thus Ballona estuary; Centinela 
Creek and Sepulveda Channel shall not be considered.  Consequently, Ballona 
Creek Reach-1, Cochran Avenue to National Boulevard and Ballona Creek Reach-2, 
National Boulevard to the stream gauge are the focus of this study.  The Basin Plan 
outlines potential and existing beneficial uses for Ballona Creek (Table 1).  These 
existing and potential beneficial uses dictate the allowable pollutant loads and guide 
the process of developing TMDLs.  The conditional municipal designation gives the 
LARWQCB future flexibility in using water from the creek for irrigation or other non-
potable uses.  The prohibited access enforced by the Los Angeles County Flood 
Control District could limit type-1 recreation uses in the creek for safety reasons, 
thus this potential beneficial use may not be realized.  
Table 1.  Ballona Creek Beneficial Uses, per LARWQCB Basin Plan. 
See Basin Plan for beneficial use definitions.   
E: existing, P: potential, s: access prohibited, *: conditional designation 
    Beneficial Use 
Watershed Reach Hydro Unit 
# 
MUN REC1 REC2 WARM 
Ballona Creek Reach 2 405.13 P* Ps E P 
Ballona Creek Reach 1 405.15 P* Ps E P 
 
Based on beneficial uses, the LARWQCB has developed and approved four 
TMDL plans for trash, metals, bacteria, and toxicity.  While many pollutants can be 
considered toxic, the LARWQCB generally places organic compounds (chlordane, 
DDT, PCBs, PAHs, etc.) in the toxics category.  The goal of a TMDL is “to determine 
and set forth measures needed to prevent impairment of water quality due to a 
specific pollutant” (LARWQCB and EPA 2005).  The existing and potential beneficial 
 




uses are impacted by these pollutants and thus have been targeted for mitigation.  
The toxics TMDL is currently under review by the LARWQCB, therefore was not 
considered in this study.  The City is well on its way to meeting the trash TMDL, thus 
this study shall focus on metals, bacteria, and total suspended solids (TSS)5 
 
3.1.1.1. Ballona Creek Metals TMDL 
Metals such as cadmium, copper, lead, selenium, and zinc are essential 
minerals for life.  However, in excess they can have detrimental affects on receiving 
water bodies, ecology, flora and fauna, as well as human health.  The California 
Toxics Rule (CTR) (EPA 2000) is the governing regulation which establishes when 
toxic pollutants are present in toxic amounts.  Since pollutants are mobilized via 
surface runoff, concentrations, as well as total pollutant loads, are important.  
Concentrations are directly related to the amount of flow in Ballona Creek.    
Given that Ballona Creek is located in a semi-arid region it has historically 
been an ephemeral stream.  However, the majority of the watershed has been 
developed and channelized thus changing the hydrology of the region.  Given that 
the majority of Ballona Creek is concrete lined there is little opportunity for 
groundwater to add to, or draw from, the creek.  Yet, anthropogenic activities such 
as over irrigation, leaky infrastructure, de-watering activities, etc. contribute a 
significant amount of “baseflow” or dry weather flow.  The LARWQCB determined 
that the 90th percentile flow for the creek was a natural break point between wet 
weather and dry weather flows (Ballona Creek Watershed Agencies 2010).  TMDLs 
use this distinction between dry weather and wet weather to establish realistic 
pollutant load thresholds.  The break point for wet weather or dry weather TMDL 
compliance for Ballona Creek is 40 cubic feet per second (cfs).  If the maximum 
hourly flow in a day exceeds 40 cfs measured downstream of Sepulveda Channel 
then the wet weather TMDL is applicable, otherwise the dry weather TMDL shall be 
used. 
                                            
5
 TSS is not specifically listed as a pollutant of concern, nor has a TMDL been approved.  However, 
TSS is a common indicator for many pollutants and as such is included with this study.  
 











Ballona Creek 819 439 10416 
 
The dry-weather mass-based waste load allocations (WLAs) are expressed 
as total recoverable metals (Table 2) as are wet-weather WLAs6 (Table 3). TMDL 
implementation utilizes a phased approach.  Several interim goals are listed in each 
TMDL; however they have been reduced to major milestones (Table 4). 
 
Table 3.  Wet-weather waste load allocation for metals. 







Ballona Creek 1.79E-5*V 5.87E-5*V 1.18E-4*V 
 
Table 4.  Metals TMDL implementation schedule. 
Date Action 
6 years after the 
effective date of 
the TMDL (2014) 
The permitees shall demonstrate that 50% of the 
total drainage area is effectively meeting the dry-
weather WLAs and 25% of the drainage area is 
effectively meeting the wet-weather WLAs 
8 years after the 
effective date of 
the TMDL (2016) 
The permitees shall demonstrate that 75% of the 
total drainage area is effectively meeting the dry-
weather WLAs 
10 years after the 
effective date of 
the TMDL (2018) 
The permitees shall demonstrate that 100% of the 
total drainage area is effectively meeting the dry-
weather WLAs and 75% of the drainage area is 
effectively meeting the wet-weather WLA 
15 years after the 
effective date of 
the TMDL (2023) 
The permitees shall demonstrate that 100% of the 
total drainage area is effectively meeting the dry-
weather WLAs and wet-weather WLAs 
 
3.1.1.2. Ballona Creek Bacteria TMDL 
Bacteria and pathogens exposure is commonly known to have adverse 
human health impacts.  Elevated bacterial indicators are preventing the beneficial 
use of contact, non-contact, and limited-contact recreational uses in Ballona Creek.  
                                            
6
 The Ballona Creek metals TMDL is currently under review by the LARWQCB.  WLAs and 
implementation schedules are subject to change. 
(http://www.waterboards.ca.gov/rwqcb4/water_issues/programs/tmdl/tmdl_list.shtml) 
 




Fresh water and marine water present different environments for different bacteria to 
thrive thus have been separated in the TMDL.  Furthermore, bacteria differ from 
metals in that concentrations are the measurement of choice because total loads are 
not applicable.  The TMDL includes a single sample maximum as well as a rolling 
30-day geometric mean for different indicator bacteria.  The indicator bacteria are 
dependent on designated beneficial use and type of water body.  Numeric targets for 
specific indicator bacteria vary by beneficial use and stream reach (Table 5). 
Table 5.  Numeric targets for bacteria TMDL. 
*shall not exceed 1000 if ratio fecal-to-total coliform exceeds 0.1 












        
Geometric 
mean 
  200   126 




        
Geometric 
mean 
1000 200 35   
Single sample 10000* 400 104   
 
Dry-weather and wet weather demarcation is also different than the metals 
TMDL.  For the bacteria TMDL summer dry weather is defined as April 1 to October 
31, winter dry-weather as November 1 to March 31, and wet weather is defined as 
days with 0.1-inches or greater of precipitation and the three days following the rain 
event. Since bacteria should not be represented as a load, WLAs are represented as 
exceedance days, which are more commiserate with concentration amounts (Table 
6). 
3.2. Review and Selection of Hydrology Model 
Many studies have compared and contrasted hydrology and water quality 
models as well as their theoretical methods (Booty and Benoy 2009; Dotto et al. 
2010; Warwick and Tadepalli 1991; Zoppou 2001).  After a review of existing 
hydrology models the USEPA System for Urban Stormwater and Analysis 
 




Integration (SUSTAIN) model was selected as the primary modeling framework for 
this study.  During the development of SUSTAIN, USEPA reviewed twenty-five 
existing models in order to determine which model(s) would be best for inclusion in 
the SUSTAIN model.  The complete review can be found in Appendix B of the 
SUSTAIN User Manual (Shoemaker et al. 2009).  
 
Table 6.  Bacteria TMDL - WLA, exceedance days 









0 = summer dry 
3 = winter dry 






w/ Reach 2 
LREC1 - 
Freshwater 
0 = all periods 
Single Sample 
0 = summer dry 
3 = winter dry 







REC1 - Marine 
water 
0 = all periods 
    
 
3.2.1. Structural BMP Prioritization Tool (SBPAT) 
Geosyntech consultants in conjunction with the City of Los Angeles, the 
County of Los Angeles Department of Public Works and Heal the Bay developed the 
Los Angeles SBPAT model in 2008.  SPBAT is a GIS based tool that utilizes several 
existing models including the Stormwater Management Model (SWMM) and the 
Hydrologic Simulation Program-FORTRAN (HSPF) model.  Both SWMM and HSPF 
have been widely used in academic and applied settings (Ackerman et al. 2004; 
Baffaut and Delleur 1989; Barco et al. 2008; Giacomoni et al. 2012; Oraei Zare et al. 
2012). SBPAT was intended to act as a decision support tool to identify priority 
catchments in a watershed so that BMPs could be placed where they are most 
needed (Geosyntech Consultants 2008) 
 




The SBPAT model uses some of the same modeling techniques as other 
models.  The land surface portion of the model, which generates runoff quantities 
and rates as well as pollutant loads, applies the widely used SWMM platform.  
However, the BMP portion of the model does not physically model BMPs.  Rather it 
assumes an output pollutant concentration, which was derived from field-collected 
data reported in the International BMP Database (IBMPD).  While this assumption is 
valid for a planning level study, this project aims to more accurately model pollutant 
removal efficiencies.  Therefore, SBPAT was not selected as the model used in this 
study. 
 
3.2.2. System for Urban Stormwater and Analysis Integration (SUSTAIN) 
 The System for Urban Stormwater and Analysis Integration (SUSTIAN) model 
was developed by Tetra Tech Inc. in conjunction with the USEPA and was 
completed in 2008 and updated in 2013.  It was designed with the intent of being a 
decision-support system to aid in selecting and placing BMPs in a cost effective 
manner.  SUSTAIN couples pieces of several existing models including SWMM, 
HSPF and the Prince George’s County BMP module (Zhen et al. 2006).  SUSTAIN 
also includes optimization algorithms for cost effectiveness. 
SUSTAIN is comprised of four modules: land, BMP, conveyance, and 
optimization.  The modules are essentially coupled in a linear fashion, with a few 
exceptions, and require different input data sets and generate different output data 
sets.  Some of the outputs are then included as inputs in the next module.  In 
addition, each module uses different methodologies (Shoemaker et al. 2009).   
 The land module includes a weather component, a hydrology component and 
a water quality component.  The land simulation process considers precipitation, 
evapotranspiration, infiltration, groundwater recharge, surface runoff, and 
groundwater outflow (Figure 5).  SUSTAIN has multiple options to simulate land 
processes and Table 7 identifies the land simulation options used in this study.  
 





Figure 5.  SUSTAIN land simulation process schematic.  
(Shoemaker et al. 2009) 
 
The weather component relies primarily on input precipitation data to 
generate runoff.  However the model can also accept input time series per unit area 
of each land use, which is referred to as external simulation mode.  This external 
mode is a requirement of using the aggregate BMP approach, which will be 
discussed later.  The water quality component is capable of primarily two different 
pollution generation scenarios; buildup/washoff and event mean concentration 
(EMC).   
Several studies have established exponential functional relationships 
between pollutant loads and antecedent dry days as well as unit runoff amounts, and 
are presented in Equation 1 and Equation 2, respectively (Alley and Smith 1981; 
Behera et al. 2006).  Alley presents methods, which were used in this study, for 
estimating initial parameters to improve and reduce calibration time (Alley 1981).  
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Table 7.  Land simulation process options.   
Process Option used in this 
study 
Reference 
Rainfall Weather data file Rossman, 2005 
Evaporation User-supplied time 
series 
Rossman, 2005 






Bicknell et al. 
2001 






adapted from (Shoemaker et al. 2009) 
 
The BMP module includes a simulation component, an overland flow 
routing/pollutant interception component and a cost component.  The BMP 
simulation process considers inflow, infiltration, evapotranspiration, deep 
percolation, underdrain outflow, and weir/orifice outflow.  SUSTAIN has multiple 
options to simulate BMP processes and Table 8 reports the BMP simulation options 
used in this study. The module explicitly simulates each BMP and an associated 
drainage area.  In addition to this explicit method, SUSTAIN also contains an 
aggregate BMP component which evaluates storage, infiltration, and treatment 
simultaneously without explicitly recognizing spatial distribution.   
 





Figure 6.  SUSTAIN BMP simulation process. 
(adapted from Shoemaker et al. 2009) 
 
Table 8.  BMP simulation process options.  
Process Option used in this study 
Flow routing Stage-outflow storage routing using weir 
and orifice equations. For swales: 
kinematic routing by solving the coupled 
continuity equation and Manning's 
equation. 
Infiltration Green-Ampt 
Evapotranspiration User supplied daily values 
Pollutant routing Completely mixed, single CSTR 
Pollutant Removal First order decay method 
adapted from (Shoemaker et al. 2009) 
 
The BMP module includes ten different BMP types: detention pond, wet pond, 
bioretention, infiltration trench/basin, cistern/rain barrel, green roof, porous 
pavement, grass swale, and vegetated filter strip.  While this list does not include 
every BMP type it does include the most common types of BMPs.  Furthermore, this 
study shall focus on natural BMPs instead of manufactured device (MD) BMPs for 
future scenarios, but shall include existing MDs where applicable.  This is important 
 




to note because MDs were the most common BMPs used to mitigate pollutant 
loading from newly constructed projects.  However, over the last decade it has 
become apparent that MDs are not effective pollutant removers and have become 
complicated maintenance problems; therefore are no longer used as primary BMPs 
(Brown and Bay 2005).  Some projects use MDs for pre-treatment purposes to 
prevent clogging in primary BMPs, but they are not relied upon as the main pollutant 
removal mechanism and pollutant removal benefits herein are considered ancillary. 
The aggregate method is advantageous when simulating the combined 
effects of multiple distributed BMPs, which may be dispersed throughout a 
watershed.  The runoff time-series files assigned to individual land use types drive 
the aggregate BMP land use distribution and portions of individual land uses can be 
assigned to different portions of the treatment train.  For example, 25% of the 
impervious area of the high-density residential land use could simultaneously be 
routed to a bioretention cell as 30% of the impervious area is routed to a rain barrel 
(Figure 7).  This is useful when generating different management and land use 
implementation scenarios to meet TMDL regulations. 
The BMP cost component relies on user input cost data for specific line items 
necessary for each BMP type.  Alternatively, the user may use a cost per unit 
volume treated, which is a common method to represent BMP construction at a 
planning level, as is the scope of this project.  Furthermore some BMPs assume a 
unit depth and present costs on a per unit area of the BMP footprint. 
 The conveyance module uses Manning’s equation to route runoff via surface 
flow, storm drainpipes or open channels to downstream junctions.  It is assumed that 
all routed runoff, storm drains, and channels operate under an open channel 
condition. 
Users have the option of implementing two different optimization algorithms, 
Scatter Search or Non-dominated Sorting Genetic Algorithm II (NSGAII).  The 
primary difference between the two methods is Scatter Search is a single objective 
evolutionary algorithm, whereas NSGAII is a multi-objective evolutionary algorithm 
(Shoemaker et al. 2009). 
 





Figure 7.  SUSTAIN example aggregate BMP schematic. 
 (from Shoemaker et al. 2009) 
 
 The optimization included in SUSTAIN can optimize the BMP scenario based 
on the footprint size of individual BMPs or the number of BMPs in series depending 
on the BMP selected.  Each iteration calculates the pollutant reductions achieved by 
the individual scenario as well as the BMP costs associated with it until an optimum 
solution is achieved based on the user defined decision criteria consisting of 
average annual volume reduction, average annual load reduction of any single 
pollutant, average annual concentration of any single pollutant, or a maximum 
number of exceedance days of a specified concentration threshold.    
 The SUSTAIN model has been used in several case studies throughout the 
United States (Lee et al. 2012; Shoemaker et al. 2011, 2013).  All of the case 
studies aided local and regional authorities in prioritizing BMPs and presented 
programmatic alternatives that could lead to improved water quality in receiving 
water bodies. 
  
3.3.  Model Development 
The SUSTAIN model requires numerous data layers and parameters in order 
to simulate runoff and pollutant loads in a watershed.  This section describes the 
data sources used as well as data processing that was conducted.  To better 
 




capture the heterogeneity of the Ballona Creek watershed land uses, land cover, soil 
characteristics, precipitation patterns, etc. the watershed was broken into eight sub-
watersheds (Figure 8).  These sub-watersheds have been used by the City and 
County as well as other studies (Liu et al. 2011) and are consistent with topography 
and storm drain networks.  In general, they represent major storm drain or stream 
junctions within Ballona Creek.  The sub-watersheds are also consistent with the 
regulatory boundaries, reaches, etc. as discussed in Section 3.1.   
 
3.3.1. Data Needs and Sources 
Precipitation is the driver for hydrologic models.  Los Angeles County ALERT 
precipitation gauges are located throughout the County and attempt to record the 
spatial and temporal variability of precipitation events.  Seven precipitation gauges 
were used and are located within or adjacent to the Ballona Creek watershed 
(Figure 8).  The Inverse Distance Squared Weighting (IDSW) method (Weber and 
Englund 1994) was used to create a composite precipitation gauge for each of the 
eight sub-watersheds.  The three closest precipitation gauges to the centriod of each 
sub-watershed were used in Equation 3 and Equation 4 to generate a custom, 
composite precipitation gauge for each sub-watershed.   
Precipitation data was obtained from the County of Los Angeles (County) and was 
collected at 15-minute intervals via standard tipping bucket gauges.  Prior to public 
distribution the County aggregated gauge data to 60-minute intervals. Because 
Ballona Creek watershed is highly urbanized and uses an extensive storm drain 
network most time of concentration methods are not applicable.  However, assuming 
an initial minimum overland time of concentration of 5-minutes as recommended by 
the County of Los Angeles Drainage Manual (LACDPW 2006), assuming open 
channel flow conditions, and using Manning’s equation for pipe travel time, a rough 
order of magnitude time of concentration was calculated.  Assuming an average 
storm drain pipe diameter of 60-inches from the most remote point of the developed 
watershed to Ballona Creek, coupled with an average slope of 2%, and assuming 
the pipe is flowing 75% full and inserting these values into Manning’s equation a 
 




typical average velocity of 20 feet per second (fps) was calculated.  There are 
approximately 50,000-feet of storm drain pipe from the most remote point of the 
developed watershed to the beginning of Ballona Creek and an additional 20,000-
foot of creek bed to the gauge location.  Multiplying this total length of 70,000-feet by 
an average velocity of 20 fps renders an approximate travel time of 3500 seconds 
(58.3 minutes).  Adding the initial overland time of 5 minutes as recommended by 
the Los Angeles County Drainage Manual renders a total time of concentration of 63 
minutes, thus validating the use of a 60-minute time step.     
 
 
Figure 8.  Ballona Creek sub-watersheds and ALERT precipitation stations. 
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The SUSTAIN model has two primary methods for simulating pollutants: 
build-up/wash-off or event mean concentration (EMC).  The build-up component can 
use either a power function or an exponential function accompanied with a 
saturation function while the wash-off component can use an exponential function or 
a rating curve (Lee et al. 2012). Some studies have reinforced the exponential 
function relationship (Wicke et al. 2012) while others have reported a step wise 
function related to storm intensity (Liu et al. 2013). The EMC method simply applies 
an average concentration of pollutant to each land use, thus does not capture the 
intra-storm variability of pollutants, as does the build-up/wash off method. 
Several studies have been completed for collecting and analyzing EMCs for 
specific land uses (Ackerman and Schiff 2003; Park and Stenstrom 2008; Stein et al. 
2008). The drawback to the EMC methodology is EMCs can vary by several orders 
of magnitude.  These variations occur not only between land uses and pollutants but 
also within land use categories. The County completed the most comprehensive 
study of EMCs by land use from 1994 to 2001.  EMCs for TSS vary by one to three 
orders of magnitude (other pollutants show similar variability) within each land use 
(Figure 9).  Because the concentrations are highly variable it is common for 
comparisons to be conducted on a log scale as indicated in the figure.  Furthermore, 
the x-axis indicates the number of sampling events for each land use category.  
Median values are indicated as points, with the larger points indicating the most 
 




abundant land uses in Ballona Creek watershed, and are also listed in Table 9 as 
the EMC values which were used in this study. Tiefenthaler and Schiff found that for 
most pollutants, EMCs are higher in Southern California (Tiefenthaler and Schiff 
2001) which could be influenced by the semi-arid climate and the uneven distribution 
of precipitation throughout the year when compared to other parts of the US.  
Donigian and Huber concluded in their EPA study that modeling a constant 
concentration, as used in the EMC method may lead to load variations but will not 
replicate event variations (Donigian and Huber 1991).  This is important to note as 
metal TMDLs are load based, not concentration based. 
Table 9.  EMCs by land use 
Land Use TSS (mg/L) Cu (µg/L) Pb (µg/L) Zn (µg/L)
Fecal Coliform* 
(MPN/100mL)
Agriculture 112 32.6 11.7 242.8 4.00E+04
Commercial 49.6 38.1 30.6 362.2 1.10E+04
Education^ 49.6 38.1 30.6 362.2 1.10E+04
Industrial 92.2 70.3 36.2 599.1 3.80E+03
MFR 77.4 26.0 42.6 207.7 8.20E+03
Other 129.4 32.3 21.3 234.3 7.12E+04
Recreation 530 38.0 24.5 131.5 5.30E+05
SFR 105 29.9 9.0 87.1 3.00E+04
Transportation 14.5 9.8 5.0 92.6 1.40E+03
Vacant/OS 134 7.6 1.8 23.2 5.40E+03
* Mean values from Stein et al. 2008.  ^Indicates assumed same as commercial  
To select the appropriate pollutant generation method (i.e. EMC or 
buildup/washoff) a statistical analysis was completed on observed data collected at 
specific land use locations. Each of the County collected land use data sets was 
plotted to establish the functional relationships represented in the buildup/washoff 
methodology. The exponential buildup function based on antecedent days has a 
poor fit to the field collected data (Figure 10). The power buildup function displayed 
even poorer fit.  Data fit for the exponential washoff function is similar, albeit slightly 
better (Figure 11).  This indicates that the relationship to unit runoff for washoff is 
slightly better than antecedent days for buildup and is consistent with other studies 
completed in the region (Wang et al. 2011).  The figures only report TSS for the 
commercial land use but other pollutants and land uses showed similar, if not worse, 
exponential data fit as did mass emission pollutant loads collected at the Ballona 
Creek gauge. Studies that have successfully used the pollutant buildup/washoff 
 




method have encompassed much smaller areas (< 25 acres) and contain fairly 
homogenous land uses(Tsihrintzis and Hamid 1998).  It is hypothesized that the 
buildup/washoff method could not be used in the Ballona Creek watershed because 
of variability introduced by heterogeneous land uses, anthropogenic activities and 
spatially and temporally variable street sweeping and aerial deposition.     
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Figure 9.  TSS EMC variability by land use. 
 
Even though the buildup/washoff functions were poorly correlated the model 
was run using both the exponential buildup/washoff method and the EMC method for 
comparison.  The exponential buildup/washoff method performed poorly based on 
the average relative error for fifteen storm events during water year (WY) 2004-
WY2008 but the EMC method generated similar relative errors as reported by Wang 
et al (Table 10).  Based on this success the EMC method was used for all 
simulations. 
Average annual model outputs were also compared to other studies 
completed in the region and rendered similar results.  The model gave similar metals 
loads for WY04 to WY08 compared to Tiefenthaler, et al (Figure 12) (Tiefenthaler et 
al. 2008).  The model period contains substantially more variance as illustrated by 
 




the large standard deviation, which was influenced by abnormally wet and dry years 
during the model period. 























Figure 10.  Exponential pollutant buildup for TSS on commercial land uses. 
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Figure 11.  Exponential pollutant washoff for TSS on commercial land uses. 
 
Table 10.  Model pollutant buildup/washoff versus regional study 
TSS Cu Pb Zn TSS Cu Pb Zn
Exp Build/Wash 99% 122% 902% 373% 0.51 0.28 0.21 0.46
EMC -39% -35% 211% 11% 0.42 0.52 0.48 0.68
Wang, et al. -43% -6% NA -15% 0.49 0.57 NA 0.56
15 storms in 
WY04-08
Avg Relative Error Avg NSE
 
 
























2008_Tiefenthaler et al. (WY00-05) Model outputs w EMCs (WY04-08)
LACDPW (WY97-WY01) 2003_SCCWRP (est 30-yr avg WY72-WY02)
 
Figure 12.  Average annual metals load comparison and validation. 
     
Land use data is also a key input for SUSTAIN as the amount of impervious 
area strongly correlates to general land use categories.  Land use data was obtained 
from the County that uses one hundred thirty-four Southern California Association of 
Governments (SCAG) land use designations from 2005.  Only sixty-nine 
designations are found within the Ballona Creek watershed and are too refined and 
many overlap.  Therefore, consistent with similar studies (Park and Stenstrom 2006), 
they were aggregated into ten land uses: agriculture, commercial, education, 
industrial, parks & recreation, multi-family residential (MFR), single-family residential 
(SFR), transportation, vacant (open space), and other.  Each of these eight general 
land use categories correlates with available pollutant loading data; except for the 
other category, which accounts for a small percentage of the overall watershed area.  
Land uses vary by sub-watershed but SFR, MFR, vacant, and commercial dominate  
the Ballona Creek watershed (Table 11) and comprise over 85% of the watershed 
area.  However vacant contains very little impervious area, thus does not generate 
as much runoff compared to commercial, SFR, and MFR. 
 



































































Agriculture 9% 3 10 0 3 0 13 0 0 29
Commercial 89% 503 790 972 1287 932 255 3152 570 8461
Education 75% 72 119 166 361 43 63 431 218 1473
Industrial 59% 10 183 169 729 6 135 112 724 2068
Transportation 91% 31 46 87 450 28 18 213 111 984
Vacant/     
Open Space 1% 2432 1311 15 4 254 121 1875 133 6145
SFR 32% 3499 2356 3774 1299 2795 1083 4202 1843 20,851
MFR 77% 419 1488 1780 2524 1278 532 5748 807 14,576
Other 6% 0 0 63 43 0 0 89 0 195
Water 100% 39 2 0 4 0 0 161 72 278
Parks & 
Recreation 19% 451 66 210 21 59 379 306 53 1545
Total 7459 6371 7236 6725 5395 2599 16,289 4531 56,605
Area (acres)
 
Each land use contains an average impervious percentage. While this is fairly 
consistent within each land use there is some variability.  To reduce this uncertainty 
a more refined data set was used to identify the percent impervious in each sub-
watershed.  McPherson (McPherson 2010) compiled a fine scale of imperviousness 
using a combination of LandSat data, aerial photography, and field surveys.  The 
data set defines each cell (2 meters x 2 meters) as impervious, irrigated urban area, 
trees, and non-irrigated barren land.  Comparing the three different data sources, the 
McPherson data set reports the highest imperviousness at the smallest spatial scale, 
thus was used as the starting parameter during the hydrologic calibration process 
(Table 12). 












Benedict 7,488 27.7 40.4 26.3
Fairfax/Adams 6,432 44.0 56.1 44.3
Jefferson 7,377 51.0 63.1 62.8
Jefferson-East 6,763 67.8 78.9 65.5
La Cienega 5,400 49.0 59.1 56.2
Rodeo 2,599 45.4 54.6 47.6
Cochran 16,363 55.0 66.3 56.8
Central2 4,555 56.2 69.0 60.2
Gauge Total 56,977 49.5 60.9 52.5  
 




The land simulation model as well as the BMP module in SUSTAIN also uses 
evapotranspiration (ET) as a parameter which removes water from the system.  
Evapotranspiration was calculated using the Penman method and meteorological 
variables collected from the CIMIS station located in Santa Monica, just outside the 
watershed. 
Ballona Creek has a former USGS operated gauge located between 
Sepulveda Boulevard and Sawtelle Boulevard that is now operated by the County.  
Depth data in the creek is collected at 15-minute intervals and reported as a flow 
rate based on a rating curve which remains fairly constant due to the well-defined 
section created by the concrete, trapezoidal channel.  Gauge data was aggregated 
to 60-minute time steps by the County to coincide with the processed 60-minute 
precipitation data.   
Although Ballona watershed is located in a semi-arid region the highly 
urbanized area produces flow in the channel during summer months, frequently 
referred to as low flow or dry weather runoff.  In natural systems this is referred to as 
baseflow and is commonly fed by groundwater, natural springs, snowmelt, etc.  
Given that Ballona Creek is predominately concrete lined the only source of 
baseflow is from over irrigation, leaky infrastructure, cleaning activities, and other 
anthropogenic behavior that enter the creek via surface flow or storm drain 
discharge pipes.   
The USGS created the Hydrologic Separation (HYSEP) computer program to 
aid and standardize the separation of baseflow from surface runoff.  The program 
requires a daily stream flow time series file and watershed area.  Flows are 
separated based on the local-minimum method, which tests the discharge at each 
time interval to determine if it is the lowest discharge in one half the interval minus 
one day before and after the day being considered (Sloto and Crouse 1996).  This 
separation process allows for the creation of a separate baseflow time series for 
Ballona Creek.  The SUSTAIN model allows for a point discharge at any location in 
the system.  In other systems this may be helpful to account for wastewater 
discharge points or other sources.  However, in this case the created baseflow time 
 




series was disaggregated to each sub-watershed based on total area, thus 
rendering a unique base flow time series applied to each sub-watershed. 
 
3.3.2. Assumptions and Limitations 
Reviewing the Ballona Creek gauge discharge data it is evident there may be 
de-watering events, which cause short-term elevated discharge in the creek during 
the dry season.  HYSEP does not capture these anomalies but have little affect on 
the overall goal of simulating pollutant loadings; especially since pollutant loadings 
can vary significantly during dry weather periods. 
In order to simplify the water quality and BMP simulation at the watershed 
scale several assumptions were made.  Although there are many different types of 
BMPs in the watershed and even more that could be installed/constructed the 
analysis was limited to seven BMPs: bioretention, dry pond, manufactured devices 
(MDs), rain barrel/cistern, vegetated swale, infiltration pond, and porous pavement.  
Existing MDs have been included but are not used in future scenarios.  In order to 
reduce computing time and model complexity each type of BMP was assumed to 
have the same dimensions, tributary areas, soil characteristics, etc. while optimizing 
the number of BMPs deployed in a sub-watershed.  A statistical analysis was 
completed on all of the existing BMPs in the Ballona Creek watershed that have 
been documented by the City.  Existing BMPs in the watershed along with their 
average tributary area, size, etc. were used for each BMP type for all BMP scenarios 
(Table 13 and Table 14). 
Table 13.  Existing BMP sizes applied to future scenarios 






















Bioretention 1.0 1600 1.5 46 23 NA 1.5 213 
Dry Pond 5.6 6300 4 56 28 NA 4 27 
Manufactured Device 5.5 NA NA NA NA NA NA 481 
Rain Barrel/cistern 0.6 500 3 NA NA 15 3 30 
Vegetated Swale 2.0 1600 0.5 500 10 NA 0.5 19 
Infiltration Trench 11.5 20000 5 90 45 NA 5 38 
Porous Pavement 0.75 1200 1 62 30 NA 1 17 
 
 


























































































































































Bioretention 2.5 1.25 1 0.5 4 1 4 0.01 1.5 5.4 
Dry Pond 5 2.5 1 1 4 1 4 0.01 0.35 5.4 
Rain 
Barrel/cistern 
4 2 1 0 NA NA NA NA NA NA 
Vegetated Swale 
Manning's n=0.25 
Slope = 0.02 
NA NA NA NA 1 NA NA NA 0.4 5.4 
Infiltration Trench 6 3 NA NA 4 1 4 0.4 1.5 5.4 
Porous 
Pavement 
NA NA NA NA 1 1 1 0.1 1.5 5.4 
 
 It is assumed that BMP performance levels can be maintained over the long 
term through proper maintenance activities.  Bracmort et al. concluded that BMP 
efficacy declined with BMP condition over time for rural settings and it is 
hypothesized that urban BMPs would exhibit similar declines (Bracmort et al. 2006).  
However, the model is limited in this regard and cannot account for long-term 
reductions in pollutant removal efficiencies.  
 Due to the size of the watershed it is necessary to use the aggregate BMP 
approach.  It is assumed that pollutant routing within subbasins is small enough to 
be neglected and representative flows from each land use type are immediately 
routed to designated BMP types (Figure 13).  A user-selected portion of the 
watershed can bypass all BMPs and BMP inflow is passed through BMPs once 
treatment volumes have been filled. 
 
3.4. Model Sensitivity, Calibration and Validation 
As noted in Section 2.1 most hydrologic models require calibration and 
validation and can further benefit from a sensitivity analysis.  The continuous 
simulation used a 5-year calibration period from water year (WY) 2004 to 2008 and a 
5-year validation period from WY1999 to WY2003.  These periods were selected 
 




based on data availability and the fact that they encompass a range of average, 
below-average, and above-average precipitation years (Table 15).  
 
 
Figure 13.  Conceptual treatment routing 
 
 
3.4.1. Hydrologic Parameter Sensitivity Analysis 
The SUSTAIN model contains numerous parameters; therefore in order to 
simplify the calibration process it is critical to identify the parameters which have the 
greatest influence on model outputs (i.e. model outputs are sensitive to their 
fluctuations).  A simple one-factor at a time sensitivity analysis was completed on 
each parameter listed in Table 17.  Parameters in red and bold were determined to 








Table 15.  Los Angeles International Airport precipitation totals 
(http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?ca5114) 
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Annual
WY99 0.0 1.9 0.7 1.2 0.5 2.1 2.2 0.0 0.6 0.0 0.0 0.0 9.3
WY00 0.0 0.3 0.0 0.9 4.7 2.4 1.9 0.0 0.0 0.0 0.0 0.0 10.2
WY01 1.1 0.0 0.0 4.7 7.3 1.3 1.1 0.0 0.0 0.0 0.0 0.0 15.5
WY02 0.0 1.3 1.3 0.7 0.4 0.3 0.0 0.1 0.1 0.0 0.0 0.1 4.2
WY03 0.1 1.6 1.8 0.0 3.8 1.7 0.5 1.0 0.0 0.0 0.0 0.0 10.3
WY04 0.7 0.8 1.1 0.5 4.6 0.8 0.0 0.0 0.0 0.0 0.0 0.0 8.6
WY05 3.8 0.1 6.5 6.9 7.0 1.1 0.9 0.3 0.0 0.0 0.0 0.3 26.8
WY06 1.0 0.5 1.0 1.4 2.0 2.5 1.6 0.6 0.0 0.1 0.0 0.0 10.8
WY07 0.0 0.3 0.6 0.4 0.8 0.1 0.4 0.0 0.0 0.0 0.0 0.5 3.0
WY08 0.6 0.5 1.6 4.7 2.2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 9.7
Precipitation (in)
 
Each parameter was varied by +/- 25%, 50%, and 100% over an average 
storm event.  Percent change in outputs caused by the parameter perturbations was 
reviewed for sensitivity (Table 16).  Large positive or negative values indicate the 
parameter is sensitive while small values indicate the parameter is insensitive.  
Analyzing Table 16, the percent impervious and width parameters are the most 
sensitive with the n-impervious, d-store impervious, and percent zero impervious 
parameters being mildly sensitive.  The calibration process focused on these 
parameters as typical values for the remaining parameters will render similar results.  
This is consistent with other studies that identified SWMM parameters for 
optimization (Barco et al. 2008). 
 
Table 16.  Modeled volume sensitivity using OFA 
Parameter +25% -25% +50% -50% +100% -100%
d-store imperv -1.3 1.1 -2.4 2.1 -5.1 4.3
d-store perv 0.0 0.0 0.0 0.0 0.0 0.0
%imp 15.6 -39.9 29.1 -110.8 34.9 -452.9
% zero imp -4.2 -5.9 -3.3 -6.8 -1.7 -8.5
Initial defecit 0.0 0.0 0.0 0.0 0.0 0.0
n-perv 0.0 0.0 0.0 0.0 0.0 0.0
n-imperv -2.8 3.1 -6.1 5.1 -10.8 15.0
ϕ 0.0 0.0 0.0 0.0 0.0 0.0
K 0.0 0.0 0.0 0.0 0.0 0.0
W 2.3 -3.8 4.1 -10.8 6.4 -98.3









Table 17.  SUSTAIN parameters and definitions 
Application Name Symbol Units Description 
Saturated Hydraulic 
Conductivity 
K (in/hr) Function of soil type.  Rate at 
which water passes through a soil 
medium under saturated 
conditions 
Suction Head ψ (in) Capillary suction 
Porosity φ (fraction) Function of soil type.  Volume of 
voids/total soil volume 
Field Capacity FC (fraction) Function of soil type.  Soil 
moisture content after all free 
water has drained off (volumetric 
fraction) 
Green Ampt 
Wilting Point WP (fraction) Function of soil type.  Soil 
moisture content at which plants 
cannot survive 
Decay coefficient k' m/yr Rate at which a particular 





c* mg/L Background concentration of a 
pollutant.  Ideally a pollutant 
probably can not be removed 
below this concentration 
Manning's n n-
impervious 
unitless Manning's roughness 
coefficient for impervious areas 
(primarily concrete or asphalt) 
Manning's n n-pervious unitless Manning's roughness coefficient 
for pervious areas (primarily 
grass) 
Depression storage d-store 
imperv 
in Depth of storage in impervious 
areas which occurs prior to 
runoff occurring 
Depression storage d-store perv in Depth of storage in pervious 
areas which occurs prior to runoff 
occurring 
width w ft Characteristic width of overland 
flow path for sheet flow.  
Manual recommends this 
parameter should be calibrated. 
% zero impervious % zero imp % Percent of the impervious area 
with no depression storage. 
%impervious %imp % Percentage of total area which 
is impervious 
%slope s % ft/ft * 100 
initial pollutant buildup Cint lbs/acre Initial amounts of pollutants that 
each sub-watershed contains at 
the start of the simulation 
Decay constant 
(infiltration) 












3.4.2. Hydrologic Model Calibration and Validation 
Because the objective of this study is to improve water quality and because 
the EMC methodology used is directly related to runoff volume the calibration 
process focused on matching storm and annual volumes.  Matching peak timing was 
not considered as critical because it does not impact the pollutant loads associated 
with individual storms or annual loads.  Furthermore, the secondary flood control 
benefits provided by the BMPs shall be reported on a relative, rather than a discrete 
basis. 
Eight storms of varying volume and intensity were selected for calibration. 
Calibration was conducted by manually adjusting the %-imp, width, Manning’s-n for 
impervious areas, depression storage for impervious areas and the percentage of 
impervious area that has zero depression storage. 



























Storm 1 14 0.50 2.5 3.34 0.24 1.67 14,771 0.43 7.9% -7.7%
Storm 2 12 0.46 3.5 0.79 0.07 0.37 5,755 0.18 4.7% -26.0%
Storm 3 12 0.57 2 1.09 0.09 0.62 11,115 0.31 3.5% -18.1%
Storm 4 10 0.47 3 1.38 0.14 0.65 10,274 0.40 7.1% -8.3%
Storm 5 8 0.55 5 0.87 0.11 0.48 8,646 0.30 0.8% -19.2%
Storm 6 12 0.60 11 0.55 0.05 0.34 3,676 0.18 0.5% 12.9%
Storm 7 9 0.65 1 0.62 0.07 0.40 4,730 0.13 -1.8% -11.7%  
Overall the runoff flow and volume calibration process was successful for 
smaller storms (< 1” precipitation) and less successful for larger storms (>1” 
precipitation) (Table 18).  Duration and antecedent days were similar for all of the 
calibration storms, with the exception of eleven antecedent days for storm 6.  Storm 
intensity affected the success of the calibration process with intense storms (> 0.12 
in/hr) containing larger relative errors compared to less intense storms.  Because the 
purpose of this study is related to water quality, greater emphasis was placed on 
volume accuracy versus peak accuracy; consequently all of the peaks were under 
predicted.  However, storm 6 is the exception, which over predicted the peak runoff, 
but is likely caused by the storm’s total precipitation and peak runoff being the 
 




smallest of all of the storms analyzed.  The parameter values from each calibrated 
storm were then averaged prior to application to the validation period. 
To validate the calibrated parameters the model was run over a separate 
validation time period (WY99-03).  Individual storms as well as annual totals were 
analyzed to determine success of the calibration.  The modeled validation period 
had favorable bias and NSE statistics for larger storm events (top quartile of all 
storms) (Table 19).  A slight positive bias of 8.8% for large storm volumes and -3.5% 
for medium storm volumes is acceptable as are NSE values >0.90.  The model 
performs poorly for the bottom quartile of storms with average bias and NSE values 
of -44% and 0.42, respectively. However, because BMPs are designed to capture 
medium size storms it is assumed that they could capture all of the runoff from trace 
storms, thus the fact that the model performs poorly for this lower quartile is less 
relevant.   













Top Quartile 20 1.16 8.8% -16.2% 0.97 0.92
Mid 2 Quartiles 38 0.28 -3.5% -25.0% 0.93 0.81
Lower Quartile 20 0.06 -44.1% -58.5% 0.68 0.42  
The modeled average annual volumes have a slight negative bias as 
indicated by the best-fit line falling slightly below the 1:1 line (Figure 14).  This slight 
negative bias is largely influenced by poor model performance during the dry 
season.  The model validation performs better in the wet season compared to the 
dry season and indicates baseflow methodology fails to capture the true variability in 
dry season flow, which can be substantial.  Nevertheless these objective function 
results compare favorably with other studies (Ackerman and Schiff 2003; Stein et al. 
2003) for average, below average, and above average precipitation years.  
 























Obs. Vs. Model 1:1 Linear (Obs. Vs. Model)
 
Figure 14.  Modeled versus observed annual volumes for the validation period. 
 
3.4.3.  Water Quality Model Calibration and Validation 
Water quality cannot be evaluated using the same metrics as water quantity 
due to the extreme variability as discussed in section 3.3.1.  However, some 
validation must be performed in order to convey the amount of confidence in 
SUSTAIN’s ability to re-create/predict water quality for various storm events.  The 
model was run using the calibrated hydrologic parameters and the EMC values 
listed in Table 9.  Model pollutant load outputs were then compared to County 
observations at the Ballona Creek gauge.  The model does not successfully replicate 
extremely high events (i.e. outliers) for TSS and copper in the observations 
(indicated as red crosses) but the modeled and observed middle quartiles (indicated 
by the blue boxes) generally overlap, with the modeled median values (indicated as 
a redline) slightly exceed the observed median values (Figure 15 and Figure 16).  
This overlap validates that the model is replicating the pollutant loads for most storm 
events, and is slightly conservative in generally over-predicting storm pollutant loads. 
Whisker plots for the other pollutants can be found in the appendix.  The data 
overlap shown in these boxplots is consistent with other watershed scale modeling 
exercises completed with SUSTAIN (Shoemaker et al. 2013). 
 









Figure 16.  Storm event copper whicker plots for water quality validation 
 
 Bacteria EMC values vary even more than TSS and metal pollutants.  The 
model substantially under predicts bacteria concentrations indicating that the EMC 
method may not be appropriate (Figure 17).  Based on the poor model performance 
to replicate bacteria concentrations at the watershed scale, bacteria removal was not 
analyzed for BMPs.  Many studies have identified this variability in bacteria 
 




concentrations in storm water runoff and have analyzed alternative modeling 
techniques to varying success (Cho et al. 2010; McCarthy et al. 2011; Selvakumar 
and Borst 2006).  
 
Figure 17.  Storm event bacteria whicker plots for water quality validation. 
 
3.4.4. BMP Model Calibration and Validation 
In addition to the hydrologic and water quality calibration and validation, 
BMPs were also calibrated and validated using data from the International BMP 
Database (IBMPD).  Median influent and effluent concentration for bioretention 
basins, dry ponds, vegetated swales, and manufactured devices for TSS, copper, 
lead, and zinc indicate that BMPs can successfully reduce pollutant loads (Figure 18 
through Figure 21).  The numbers of studies included in the reported values are 
indicated below the BMP types on the x-axis.  The difference between the influent 
and effluent concentration indicates the approximate performance level of each 
BMP.  It was assumed that on average, the median effluent reported in the IBMPD 
represents the minimum effluent concentration achievable by each BMP type. 
 















Biretention (n<30) Vegetated swale
(n<41)



























Biretention (n<30) Vegetated swale
(n<41)















Figure 19.  Copper influent vs. BMP effluent. 
 
 


























Figure 20.  Lead influent vs.  BMP effluent. 
 
The median influent concentrations entering each BMP type for our study are 
higher than those reported in the IBMPD (Figure 22 through Figure 25). However, 
the higher influent concentrations reported herein are consistent with the EMC 
comparisons in similar regional studies (Tiefenthaler et al. 2008).  Furthermore, 
these elevated influent concentrations could be influenced by the varied tributary 
land uses in this study, whereas the majority of the studies in the IBMPD consist of 
fairly homogenous land uses.  Nevertheless it was assumed that the BMPs in the 
model should render similar effluent concentrations as those reported by the IBMPD. 
The pollutant removal conducted by each BMP included several key 
assumptions.  The first is that each BMP acts as a single continuously stirred tank 
reactor (CSTR), which is valid as the BMPs modeled are relatively small, yet detain 
runoff long enough to allow for complete mixing and are deployed in a parallel 
fashion.  The second assumption is pollutant removal follows a first order decay 
function (Equation 5), which is valid for small treatment volumes that are completely 
mixed (Shoemaker et al. 2009).  
 











































































Figure 22.  Model TSS influent vs., IBMPD TSS influent. 
 
 











































































Figure 24.  Model lead influent vs. IBMPD lead influent. 
 
 












































I −−=  
Equation 5.  First order decay pollutant removal. 
 
V = reservoir volume (cf) 
CI = influent pollutant concentration (mg/L) 
C = effluent and reservoir pollutant concentration (mg/L) 
I = inflow rate (cfs) 
O = outflow rate (cfs) 
t = time (sec) 
K = decay coefficient (1/sec)  
 
The median effluent concentrations from fifteen storms during WY04 to WY08 
were compared to the median effluent for each BMP reported by the IBMPD.  Decay 
coefficients were calibrated until the median model effluent concentration closely 
matched the IBMPD median effluent concentration (Figure 26 through Figure 29).  
Calibrated decay coefficients for each BMP type (Table 20) are consistent with 
similar studies in the region (Ackerman and Stein 2008). 
 
 




Table 20.  Calibrated BMP pollutant removal decay coefficients. 
  Decay coefficient K (hr
-1
) 
BMP type TSS Cu Pb Zn 
Vegetated Swale 100 1.7 20 60 
Bioretention 0.01 0.01 0.01 0.01 
Dry Pond 0.55 0.60 0.65 1.08 
Rain Barrel 0.01 0.01 0.01 0.01 
Porous Pavement 0.01 0.01 0.01 0.01 
Infiltration Trench 0.55 0.6 0.65 1.08 
Manufactured 
Device 






































Figure 26.  BMP calibration for TSS. 
 
In view of the fact that SUSTAIN does not include a MD BMP type, this study 
used a proxy BMP.  The aggregate BMP tool can only include up to one BMP type, 
thus the proxy BMP had to be a BMP that was not already in use.  Cisterns are 
similar to rain barrels and were modeled as such herein, therefore the cistern BMP 
in the SUSTAIN model was used as the proxy for MDs.  Most MDs are flow-based 
BMPs rather than volume based BMPs, which have become more desirable due to 
their multi-benefit impacts.  Because the proxy BMP is a volume based BMP the 
storage was set to a small, non-zero value and the pollutant decay rate was 
calibrated to achieve the effluent concentrations reported in the IBMPD.   The proxy 
 




BMPs detain a small amount of water; decay values are not field relevant but act as 












Biretention (n<30) Vegetated swale
(n<41)





















Figure 27.  BMP calibration for copper. 
 
Rain barrels/cisterns, infiltration trenches, and porous pavements were not 
calibrated because they simply remove a volume of water and do not return any 
water to the system.  Thus the pollutant load removed is simply the effluent 
concentration multiplied by the volume removed.      
In addition to the first order decay pollutant removal method, the model also 
uses a percent removal coefficient for BMPs that use under drains as the primary 
pollutant removal mechanism.  Though many of the BMPs considered in this study 
are capable of incorporating under drains only bioretention basins were modeled as 
such.  Therefore, the under drain percent pollutant removal parameter was 
calibrated for bioretention basins rather than the first order decay coefficient.  The 
calibrated pollutant removal efficiencies were 0.80, 0.55, 0.20, and 0.85 for TSS, 
copper, lead, and zinc respectively.  The sub-drain removal efficiencies as well as 
decay rates presented in Table 20 are consistent with similar studies in the region 
(Ackerman and Stein 2008) 
 
















































Biretention (n<30) Vegetated swale
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3.5. Watershed Model Scenarios 
To evaluate TMDL compliance and to maximize the multi-benefit impacts a 
series of BMP scenarios were evaluated prior to running the model for BMP 
optimization.  Scenarios are defined as management and land use interception 
implementation scenarios.  Management scenarios relate to the amount of area that 
is diverted/routed to each BMP type.  A balanced approach was selected including 
an even distribution of both regional and distributed BMPs.  This is consistent with 
contemporary water resources management, which aims to diversify management 
options, thereby adding resiliency to the system.  This resiliency could be critical 
when future system variability is considered.  A parallel comparison could be made 
to an economic portfolio.  A diverse portfolio provides consistent and steady returns 
while minimizing the impacts of downturns.  Similarly, a diverse mix of regional and 
distributed BMPs could provide consistent pollutant removal while minimizing the 
impacts of extremely wet or extremely dry periods. 
Land use scenarios are comprised of the types and amount of land uses 
diverted to BMPs, which could be constrained by physical or political factors and 
should be analyzed on a policy level, which goes beyond the scope of this study. 
The 85th percentile storm (which is approximately equal to the 0.75-in storm event) is 
commonly targeted in the City as the desired treatment level, which assumes that 
larger storms may adequately dilute runoff. These treatment volumes provide a 
range of BMP volumes, which the study can use as a starting point.  Furthermore, 
perhaps targeting a larger storm event, but capturing a smaller percentage of the 
watershed (indicated by the bold numbers in Table 21) could provide equal or 
improved treatment over the 0.75-in storm event.  
BMPs were optimized based on planning level costs assembled from regional 
sources (Table 22).  Most of the costs are presented on runoff volume treated basis.  
However, bioretention basins, porous pavement, and vegetated swales assume a 
unit depth and thus are reported as a footprint area rather than a volume of runoff 
treated.  The low, medium, and high values present substantial ranges in some 
instances, which simply indicate that site-specific characteristics can substantially 
influence costs.  Because of the planning level nature of this study medium values 
 




were used where possible, otherwise high values were used.  BMP costs presented 
do not include land acquisition costs, which could be substantial and warrant future 
research.  
 
Table 21.  Watershed treatment volume based on City regulations. 
Depth of 
storm 
treated (in) 20% 40% 60% 80% 100%
0.5 275 551 826 1102 1377
0.75 413 826 1239 1652 2065
1 551 1102 1652 2203 2754
1.25 688 1377 2065 2754 3442
1.5 826 1652 2478 3305 4131
2 1102 2203 3305 4406 5508
3 1652 3305 4957 6609 8262
Treatment Volume (ac-ft)
% of Ballona treated by a BMP
 
 
Table 22.  BMP cost ranges. 
BMP Type Source Low Med High Unit
Bioretention - residential CASQA $3 $4 $7 ft
2 
Bioretention - commercial CASQA $20 $40 ft
2 
Dry Detention Basin CASQA $12 ft
3 
Infiltration Trench CASQA $5 $50 ft
3 
Infiltration Basin CASQA $18 ft
3 




al. 2008 $6 $8 $20 ft
2 
Rain Barrel/Cistern SBPAT $3 $5 ft
3 




All BMP model scenarios contained in this study assume that dry weather 
flow can be diverted to BMPs.  This could be accomplished through proper 
implementation at the parcel level by placing BMPs near discharge points or could 
be achieved by diverting dry weather flow in large storm drains, as has been 










3.5.1. Baseline Scenario 
The baseline scenario assumes that few BMPs have been implemented in the 
watershed, such that runoff can be considered 100% untreated.  This is a 
conservative assumption since some BMPs (approximately 850) have been in use 
prior to 2008. The analysis completed in this study found that existing BMPs are only 
reducing annual runoff volumes and pollutant loads by approximately 1%, thus 
verifying the assumption. 
The goals which each scenario aim to achieve, to varying degrees are: 
1. Compliance for TMDLs within a reasonable confidence interval. 
2. Reduce average annual runoff 
3. Reduce dry season runoff  
4. Increase runoff capture for potential reuse 
5. Increase infiltration for potential groundwater recharge. 
 
3.5.2. Scenario D – Regional and distributed BMPs with moderate interception 
Scenario D uses regional BMPs such as large detention and infiltration basins 
similar to the historical trend of centralizing public facilities.  Advantages of large 
facilities include lower costs due to economies of scale, reducing future maintenance 
uncertainties, and increasing multi-use opportunities.  Centralized facilities can also 
take advantage of existing storm drain infrastructure if located within reasonable 
proximity.  Disadvantages include an increased maintenance burden on municipal 
agencies, pooling pollutants to potentially toxic levels, and relying on aging storm 
drain infrastructure.  Furthermore land costs to acquire large parcels, near existing 
storm drains, where regional facilities could be constructed increases uncertainty.  In 
addition to regional BMPs, scenario D also uses distributed BMPs, which could 
reduce the burden placed on aging and undersized storm drain infrastructure by 
intercepting, infiltrating and storing runoff close to its source.  Furthermore, this 
approach shifts maintenance responsibilities to individual owners and off of 
municipalities; however this also increases future uncertainty.  Both individual 
 




owners and municipalities could share capital costs.  Intercepting approximately two-
thirds of the watershed area is the key assumption made for scenario D.  The mix of 
land uses treated by each BMP type was determined based on local knowledge and 
typical feasibility at the parcel level (Table 23).  For example, vacant land uses are 
not likely to include porous pavement, hence were not routed to these types of 
BMPs.  However, the inclusion of regional BMPs complicates the assumed 
distribution of land uses to some BMPs.  For example, a large regional dry pond may 
receive water from a storm drain that intercepts runoff from a large, land use diverse, 
area.  Therefore large regional BMPs can be characterized as the “catch-alls” while 
the distributed BMPs are assigned to land uses on which they could likely be 
constructed; the exception to this assumption is transportation corridors.  Street 
rights-of-way offer unique opportunities for linear vegetated swales or bioretention 
facilities that could treat runoff from roadways themselves or from adjacent parcels.  
Accordingly, transportation land uses offer a unique opportunity of potentially using 
distributed BMPs in a regional fashion.   
 
3.5.3. Scenario E – Regional and Distributed BMPs with high interception 
Scenario E follows the same principals and assumptions presented in 
scenario D but it assumes 90% of the watershed is diverted/treated by BMPs (Table 
24).  This high level of interception reduces the amount of uncertainty by bypassing 
less untreated runoff directly to receiving water bodies.  
 
 




Table 23.  Scenario D land use and BMP type breakdown. 
Scenario D
BMP Type SFR Ag Vacant Other MFR Comm Park Edu Ind Trans
Bioretention 15% 0% 2% 15% 15% 10% 0% 10% 10% 15%
Dry pond 10% 0% 20% 20% 10% 15% 40% 15% 25% 15%
Manufactured 
Devices 2% 0% 5% 0% 2% 3% 0% 0% 0% 2%
Rain barrel 
/cistern 10% 0% 0% 0% 5% 2% 0% 0% 5% 0%
Vegetated swale 10% 40% 0% 15% 10% 5% 0% 0% 5% 20%
Infiltration pond 10% 40% 20% 15% 10% 15% 40% 15% 10% 5%
Porous 
pavement 10% 0% 0% 0% 10% 15% 0% 20% 10% 10%
Total LU area 
served by a BMP 67% 80% 47% 65% 62% 65% 80% 60% 65% 67% 66%




Table 24.  Scenario E land use and BMP type breakdown. 
Scenario E
BMP Type SFR Ag Vacant Other MFR Comm Park Edu Ind Trans
Bioretention 25% 0% 5% 20% 20% 10% 0% 10% 10% 15%
Dry pond 15% 0% 35% 20% 15% 25% 40% 15% 30% 20%
Manufactured 
Devices 5% 0% 5% 0% 5% 10% 0% 5% 0% 10%
Rain barrel 
/cistern 10% 0% 0% 0% 10% 5% 0% 10% 5% 0%
Vegetated swale 15% 40% 0% 20% 20% 5% 0% 10% 5% 25%
Infiltration pond 15% 40% 35% 20% 15% 20% 50% 15% 20% 5%
Porous 
pavement 10% 0% 0% 10% 10% 20% 0% 20% 20% 15%
Total LU area 
served by a BMP 95% 80% 80% 90% 95% 95% 90% 85% 90% 90% 89%
% of each LU served by a type of BMP
 
 





CHAPTER 4 RESULTS AND ANALYSIS 
 
The following section outlines the results of the BMP optimization and 
presents output ranges of specific potential BMP scenarios.      
 
4.1. Optimization 
 SUSTAIN is capable of optimizing BMP locations and volumes based on 
average annual volumes/loads, average annual pollutant concentrations, or a 
maximum number of exceedances for a pollutant concentration.  Given that the 
primary purpose of this study aims to reduce pollutant loads, average annual 
pollutant loads were selected for optimization.  However, first it was determined that 
storm pollutant loads for copper, lead, and zinc are correlated.  Metal loads did not 
correlate with TSS loads, which may be caused by a high percentage of dissolved 
metals.  Copper and zinc loads are correlated (Figure 30) with other metals showing 
similar correlation however those figures can be found in the appendix.  Copper and 
TSS correlate poorly (Figure 31) with other metals showing similarly poor correlation.  
However if outliers are ignored TSS and cooper correlate much better for TSS loads 
less than 600 tons.  This may warrant further investigation to determine if 
anthropogenic activities or atmospheric conditions may be affecting the TSS-metal 
correlation, but goes beyond the scope of this thesis.  Because the metals correlated 
it is unnecessary to optimize based on all three metals, consequently the BMP 
optimization was limited to copper.  
Each iteration of the optimization process varies the number of BMPs in each sub-
watershed and calculates the corresponding pollutant removal and cost.  In order, to 
reduce the number of decision variables for optimization, only five BMPs were 
optimized: vegetated swales, bioretention basins, dry ponds, infiltration trenches, 
and porous pavement.  Rain barrels and manufactured devices were held constant 
based on the area served by each BMP type in a given scenario and sub- 
watershed.  For example in scenario D, 10% of the SFR land use in the Rodeo sub-
watershed is served by rain barrels, which equates to 130-acres.  Assuming each 
 




rain barrel serves 0.6-acres as indicated in Table 13, accordingly 217 rain barrels 
were assigned to the Rodeo sub-watershed and held constant until the percentage 
of land use changed in different scenarios.  The SUSTAIN user manual provides a 






















































Figure 31.  Observed copper and TSS correlation. 
 
 




Three different optimization scenarios were analyzed consisting of reducing 
average annual copper load by 30-40%, 40-50%, and 50-60%.  In an average year, 
dry season loads account for 20-30% of the total average annual load.  Therefore 
the minimum pollutant reduction should not be below this range if a goal of the study 
is to reduce the dry season runoff and pollutant load to the maximum extent 
practicable.  The upper end pollutant reduction of a 50-60% reduction was based on 
feasibility, since reducing runoff volumes by 100% would require 3-times the existing 
reservoir storage in the watershed.  Each optimization iteration scenario presents a 
Pareto solution (Figure 32) with all iterations as gray points and the best points 
highlighted in blue; the knee of the curve presenting the best value for pollutant 
removal.  All three reduction scenarios were run for scenario D, the moderate 
interception management scenario, and scenario E, the high interception 
management scenario.   
The 30-40% and 40-50% reduction scenarios give similar cost effective 
curves (Figure 33).  This is likely caused by the 30% of the watershed that bypasses 
all BMPs, which is reinforced by simply rearranging the types of BMPs to achieve 
the same pollutant reduction.  On average the 30-40% scenario uses more 
vegetated swales and fewer bioretention basins and infiltration trenches with the 
opposite being true for the 40-50% scenario (Table 25).  The 50-60% scenario could 
not reach the reduction targets due to limits on the range of implementable BMPs.  
This also likely influenced the 30-40% and 40-50% scenarios to overlap because 
their ideal reduction range is likely 35-45%.  Hence the 50-60% scenario was re-run 
with an increased range of implementable BMPs.  It is important to note that the 
treatment volume was increased six-fold in order to achieve an additional 10% 
reduction, which simultaneously doubled the cost.  Based on this analysis the 30-
40% reduction scenario was selected for further review, as the additional cost for 
marginal reductions would likely make more aggressive removal scenarios 
infeasible.  However, the scenario E 40-50% reduction was also selected for further 
analysis in order to establish the influence of capturing a larger percentage of the 
total watershed and reducing the amount of runoff bypassing all BMPs. 
 
 




































Figure 32.  Cost effectiveness curve 
      (all solutions (gray) and best solutions (dark blue)) 
 





















D 30-40 Bin 1 4.37 40.8% 2320 4271 4709 2557 3002 2380
D 30-40 Bin 3 3.29 40.2% 1813 4178 5166 2538 1699 2190
D 30-40 Bin 5 2.17 36.6% 1556 3685 3706 1782 1041 1590
D 40-50 Bin 1 4.82 40.9% 1730 4819 5092 2750 3063 2324
D 40-50 Bin 3 3.23 39.7% 1789 4116 4651 2425 1720 2050
D 40-50 Bin 5 2.19 37.3% 1458 3568 3900 1932 990 1663
Total for Ballona Creek Watershed (# units)
 
The scenario E 30-40% target and the 40-50% target behave as expected (Figure 
34) with increasing load reductions and increasing treatment volumes but differ from 
the 30-40% and 40-50% targets in scenario D.  This difference highlights the 
influence of watershed interception areas.  Scenario D bypasses approximately 30% 
of the watershed area around all BMPs while scenario E bypasses only 10%. This is 
further exemplified by scenario D reaching a maximum pollutant reduction at 45%, 
 




while scenario E reaches a maximum pollutant reduction at 55%.  In addition, the 
scenario D 50-60% treatment volume needed to be increased 6-fold, at a much 
higher cost, in order to approach the load reductions in E 50-60%.  The differences 
between these management scenarios indicate that treating a large storm event 
over a small portion of the watershed is not equivalent to treating a small storm 
event over a large portion of the watershed, even though treatment volumes could 
































30-40% Target TV=1900 ac-ft
40-50% Target TV=2000 ac-ft
50-60% Target TV=4500 ac-ft
50-60% Target TV=12,300 ac-ft
 
Figure 33.  Cost effectiveness comparison for Scenario D 
 
4.2. Implementation 
 The 30-40% reduction optimization scenario presents approximately 160 
“best solutions” on the edge of the cost effectiveness curve as discussed in section 
4.1.  Each unique solution presents a specific number of BMPs for each sub-
watershed.  In order to quantify the impacts of solution ranges they were separated 
 




into five bins based on cost (i.e. $2B to $3B, $3B to $4B, etc.); the lower bin 
numbers corresponding with a higher cost.   




























30-40% Target, TV=2000 ac-ft
40-50% Target, TV = 2600 ac-ft
50-60% Target, TV=4200 ac-ft
 
Figure 34.  Cost Effectiveness comparison for Scenario E 
  
Bins 1, 3, and 5 were selected for analysis as they represented high, medium, 
and low BMP conditions.  Potential pollutant reduction increases with increased 
treatment volume and cost (Table 26). Bin 1 only provides minimally improved load 
reduction for substantial cost and only provides approximately 5% of additional 
treatment volume.  Conversely there is a substantial increase in pollutant reduction 
between bin 3 and 5 with a similar cost increase and provides approximately 38% 
more treatment volume. This relationship reinforces the identification of the knee of 
the cost effectiveness curve as the optimal implementation scenario.  The increases 
seen between the scenario D 30-40% reduction (hereto referred to as scenario D 
30-40) and scenario E 30-40% reduction (hereto referred to as scenario E 30-40) 
are attributed to the larger percentage of the watershed captured in scenario E. This 
 




is also the reason for the treatment volumes remaining relatively constant but with 
scenario E 30-40 providing a higher pollutant reduction.   






















Bin 1 4.37 40.8% 2320 4271 4709 2557 3002 2380
Bin 3 3.29 40.2% 1813 4178 5166 2538 1699 2190
Bin 5 2.17 36.6% 1556 3685 3706 1782 1041 1590
Bin 1 4.47 46.3% 2040 5154 4587 2827 2715 2300
Bin 3 3.29 45.7% 2000 5328 5092 2436 1708 2171
Bin 5 2.17 40.8% 1880 4088 3858 1578 1171 1534
Bin 1 6.98 55.4% 2265 6664 6261 3907 4538 3152
Bin 3 3.75 55.3% 2905 7884 5679 2621 1999 2476
Bin 5 2.70 54.2% 3006 7624 6036 1892 1252 2167





The BMP scenario bins were further analyzed to determine their impact on 
wet weather and dry weather TMDL compliance as well as to ascertain the 
importance of the scenario D and E management differences.  First a baseline 
scenario was established in order to evaluate the effects BMPs will have on TMDL 
compliance.  In the modeled baseline condition (i.e. no BMPs) 687 days qualified as 
wet weather days (as defined in section 3.1.1.1) during the modeling period of WY04 
to WY08, with the remaining 1142 days qualifying as dry weather days.  Wet 
weather days contained 142 exceedances for Cu, 0 for Pb, and 119 for Zn.  Dry 
weather days contained 678 exceedances for Cu, 0 for Pb, and 0 for Zn.  To put this 
in perspective the County sampled 39 storm events over a ten-year period from 
WY99 – 08.  Copper exceeded the TMDL 38% of the time, while the model predicted 
copper TMDL exceedance 12% of the time.  However, the County only sampled 
during storm events and did not sample during storm recession periods which the 
model is capturing, therefore it is expected that field sampling exccedances would 
be greater based on the sampling bias.  Since there were no exceedances for Pb 
during the baseline condition and Zn exceedances were less than Cu and because 
metal loads correlated as discussed above, emphasis was placed on Cu compliance 
with the assumption that Pb and Zn compliance would follow.  The model was run 
 




for each bin using the average number of BMPs in each sub-watershed generating a 
discreet output for that bin (Figure 35).  All three bins render similar results, with the 
primary benefit occurring in the reduction of wet weather days from 687 in the 
baseline condition to approximately 212 in scenario D 30-40.  Scenario E 30-40 
shows a substantial decrease over scenario D 30-40 in the number of wet weather 
exceedances from approximately 128 to approximately 82.  These gains are directly 
related to scenario E intercepting a larger percentage of the watershed (reducing 
uncertainty), thereby decreasing the amount of untreated runoff routed directly to 
discharge outlets.  However, there are only marginal decreases in exceedances 
when comparing scenario E 30-40 and scenario E 40-50 indicating that the target 
reduction is less critical than management and land use implementation.   
The baseline dry weather scenario had 678 exceedances (Figure 38, in gray) 
out of the 1142 dry weather days.  Once again the three bins show similar results for 
the number of dry days, which is influenced by shifting wet weather days to dry 
weather days through the implementation of scenario D 30-40 BMPs.  However, bin 
5 does show an approximate 10% increase of dry weather exceedances compared 
to the other bins. 
Scenario E had a similar impact on dry weather exceedances as it did for wet 
weather exceedances.  Dry weather exceedances could almost be eliminated 
(Figure 39) but the added treatment volume included in scenario E 40-50 does little 
to reduce dry weather exceedances (Figure 40), and could even increase the 
number of exceedances by shifting more wet weather days to dry weather days. 
Although the implementation of all BMP scenarios reduced the number of wet 
weather and dry weather exceedances the model scenarios still lead to TMDL 
exceedances. Nevertheless an analysis was completed on the allowable loads 
permitted by the TMDLs. It is acknowledged that the feasibility of zero wet weather 
exceedances is low; therefore future policy should incorporate a risk assessment in 


































Baseline (142 of 687) TMDL limit.
Bin 1 (128 of 211) Bin 3 (128 of 209)
Bin 5 (128 of 216) Linear (Baseline (142 of 687))
Linear (Bin 1 (128 of 211)) Linear (Bin 3 (128 of 209))
Linear (Bin 5 (128 of 216))
 
Figure 35.  Scenario D 30-40 bins - wet weather exceedances. 
 


























Baseline (142 of 687) TMDL limit.
Bin 1 (87 of 160) Bin 3 (81 of 160)
Bin 5 (82 of 178) Linear (Baseline (142 of 687))
Linear (Bin 1 (87 of 160)) Linear (Bin 3 (81 of 160))
Linear (Bin 5 (82 of 178))
 
Figure 36.  Scenario E 30-40 bins - wet weather exceedances 
 






























Baseline (142 of 687) TMDL limit.
Bin 1 (78 of 143) Bin 3 (78 of 147)
Bin 5 (78 of 143) Linear (Baseline (142 of 687))
Linear (Bin 1 (78 of 143)) Linear (Bin 3 (78 of 147))
Linear (Bin 5 (78 of 143))
 
Figure 37.  Scenario E 40-50 bins - wet weather exceedances 
 
The TMDL is a function of daily volume, thus the TMDL reduces linearly with 
the volume reductions generated by the BMP scenarios (Figure 41).  Furthermore at 
large volumes, BMPs are incapable of removing sufficient pollutants to meet the 
TMDL.  For example, the far right of the graph represents a large storm event (> 3”) 
thus generates a large runoff volume.  However even if the entire watershed’s runoff 
volume were routed to a theoretical BMP, it could not remove enough pollutant to 
meet the TMDL because the minimum effluent concentration (e.g. 9µg/L) multiplied 
by the storm volume exceeds the TMDL.  The slope of the TMDL line and the 
minimum BMP loading are close and do not cross until smaller storms are 
intercepted near the left of the graph.   
The BMP loading line approaching the TMDL line in the 0.75-in storm event range 
demonstrates that BMPs are at least capable of meeting TMDLs, but other factors 
such as routing, antecedent conditions, etc. can affect compliance (Figure 42).  
Consequently, TMDL compliance cannot be achieved for many of storm events.  
 





Figure 38.  Scenario D bins - dry weather exceedances. 
 
 
Figure 39.  Scenario E 30-40 bins - dry weather exceedances. 
 





Figure 40.  Scenario E 40-50 bins - dry weather exceedances. 
 
Although water quality is the primary objective for BMP implementation and 
analysis in this study, secondary benefits such as flood protection and groundwater 
recharge are also considered.  From a policy perspective these secondary benefits 
can be critical in partnering with non-traditional agencies or departments as well as 
unlocking funding opportunities.     
The BMP module used the Green-Ampt methodology to estimate infiltration.  
Model outputs separate groundwater into three compartments: infiltration, which 
occurs at the ground surface; percolation, which occurs between the upper and 
lower soil zones; and seepage, which occurs between the lower soil zone and deep 
recharge.  The disadvantage to the Green-Ampt method is it does not incorporate a 
vegetative index as other methods such as Holtan-Lopez (Shoemaker et al. 2009).   
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Figure 41.  TMDLs versus minimum BMP loads for all storms. 
 
However, because it does not incorporate such coefficients it does not require 
calibration at the field scale as do BMPs using the Holtan-Lopez method and is the 
primary reason the Green-Ampt method was used.  A background infiltration rate of 
0.5-1.5 in/hr was used for BMPs, which is consistent with the minimum City soil 
parameter regulations on which infiltration type BMPs are allowed.  While this may 
be slightly conservative it can be considered an average infiltration rate below all 
BMPs in the watershed.  Each BMP type was analyzed at the sub-watershed level 
and scaled up assuming a linear relationship between tributary area and the number 
of BMP units.  Based on this assumption an estimate for potential recharge was 
calculated for each scenario and/or bin based on the number of BMPs deployed in 
the watershed and the area diverted to those BMPs.  Between 13,000 and 23,300 
ac-ft of average annual runoff could potentially recharge groundwater (Table 27). 
 Peak discharge was sorted by total daily precipitation greater than 0.5-in. for 
both scenario D 30-40 and E 30-40.  Peak discharges could be reduced by 22% to 
 




52% depending on the scenario chosen (Figure 43).  Furthermore the totally daily 
precipitation is presented on the right axis to demonstrate the typical storm size, 
which could be mitigated.  
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Figure 42.  TMDLs versus minimum BMP loads for small storms. 
 




(ac-ft) Low Med High
Feasable 
Limit 42,227 20.8 33.9 41.7
Bin 1 22,427 11.1 18.0 22.1
Bin 3 18,306 9.0 14.7 18.1
Bin 5 12,932 6.4 10.4 12.8
Bin 1 23,325 11.5 18.7 23.0
Bin 3 20,417 10.1 16.4 20.1
Bin 5 14,391 7.1 11.5 14.2
Bin 1 33,092 16.3 26.5 32.7
Bin 3 22,665 11.2 18.2 22.4
Bin 5 20,054 9.9 16.1 19.8
E 40-50










The maximum daily precipitation event recorded during the model period was 
3.5” (approximately a 10-year storm per City isopluvials) and the peak could be 
reduced by approximately 22% depending on the scenario and management level 
implemented. Scenario E reduces peak discharge by 2 to 10% over scenario D 
(Figure 44).  Reducing peak runoffs for small storm events may provide value for 
localized flooding but do not have over-arching flood protection benefits.   
















































Figure 43.  Scenario D - Qpk reduction potential. 
 
















































Figure 44.  Scenario E - Qpk reduction potential. 
 




CHAPTER 5 SUMMARY AND CONCLUSIONS 
 
The section that follows summarizes the results of the optimization process 
and discusses impacts of potential BMP scenarios and outcomes.  Primary benefits 
related to storm water quality are discussed in addition to secondary project benefits 
such as flood protection and groundwater recharge.  Other benefits, which will be 
further investigated by the LACWSA, are also discussed.  
Overall SUSTAIN successfully simulated the collective effects of BMPs at the 
watershed scale.  However, the model is limited by computing time and setup 
complexity in evaluating the watershed at a smaller, more refined sub-watershed 
scale.  Though the pollutant removal efficacy of the BMPs modeled in this study was 
calibrated based on field-collected data in the IBMPD, local monitoring of existing 
BMPs should be collected and used to verify the model outputs. 
A substantial amount of area and/or treatment volume (> 2000 ac-ft) is 
necessary to even approach water quality objectives for the watershed.  During the 
analysis of BMP outputs it became clear the manner in which compliance is 
measured through the implementation of the metals TMDL may be flawed.  Because 
the allowable load under the TMDL is directly calculated from storm runoff volumes, 
BMPs that reduce total runoff volume are dis-incentivized.  Reducing total storm 
runoff volume reduces the total pollutant load discharged to the receiving water 
body, yet the TMDL in its current form, does not give credit for this reduction.  The 
total number of wet weather days was substantially reduced from the baseline no-
BMP scenario, thereby reducing the number of “at risk” days.  Implementation of 
BMPs does reduce the number of wet weather exceedance days (up to 45%) but 
cannot eliminate them completely. By reducing the number of wet weather days, the 
number of dry weather days increased accordingly.  However, the number of dry 
weather exceedances could be dramatically reduced (up to 90%), or potentially 
eliminated, depending on the level of implementation. 
Receiving water body quality is sensitive to EMCs, which in turn can affect 
BMP effectiveness.  The EMC method for generating water quality does not capture 
 




the variability found to be present in most urban runoff.  Nevertheless, other 
established functional methods do not consistently replicate water quality either.  
Thus for large urban watersheds the EMC method is the best available technique, 
but contributes to model sensitivity and uncertainty.  BMP parameters are only mildly 
sensitive since a first order decay method was used and effluent concentrations did 
not fluctuate significantly during the calibration process. 
Given that a land use based water quality method was used, BMP placement 
directly ties to land use locations.  Some land uses, such as industrial and 
commercial, are heavier contributors to metal loading in receiving water bodies 
compared to residential land uses; therefore model optimization tends to gravitate 
towards them.  Sub-watershed size also ties to this mild sensitivity, as some sub-
watersheds have small amounts of certain types of land uses.  Furthermore, the 
models limitation of calculating BMP tributary land uses based on a percentage, 
rather than a total land use area, leads to inaccurate comparisons between sub-
watersheds. 
Physically modeling BMPs is an improvement over simply using field 
collected BMP effluent concentrations.  Though BMP parameters were calibrated 
using the field-collected data the removals are tied to the influent concentrations, 
thus improving modeled water quality outputs.  The ranges of the physically modeled 
BMP water quality outputs are still expected to fall within the empirical data ranges; 
however simulation of the natural variability in the system influent is improved.    
 
5.1. Primary Benefits 
 The study results indicate that implementation of varying BMP management 
and implementation scenarios can aid in meeting TMDLs.  The results are most 
promising during dry weather periods, which indicate BMP implementation could 
reduce dry weather metal TMDL exceedances by 80% to 99%.  Wet weather 
impacts were smaller but still reduced exceedances by 10% to 50%.  TMDLs are 
directly influenced by storm volumes, consequently the TMDLs are dis-incentivizing 
infiltration type BMPs.  TMDLs should be revised to promote infiltration BMPs by 
 




establishing baseline loads irrespective of storm volume and instead target 
antecedent days or storm intensity.  Alternatively, baseline volumes could be 
established for a “pre-development” condition which future volumes and loads could 
be measured.  Furthermore, TMDLs could be revised using different methodologies 
such as load frequency curves or other risk based methodologies as suggested by 
Park and Roesner which could account for BMP uncertainty (Park and Roesner 
2012). 
 
5.2. Secondary Benefits 
Potential groundwater recharge generated by different BMP management and 
implementation scenarios has a direct economic impact.  Cutter et al. reported that 
additions to groundwater could be valued between $480 to $1,000 per ac-ft (Cutter 
et al. 2008).  Thus, infiltrated water generated by different BMP management and 
implementation scenarios could contribute $6,000,000 to $33,000,000 annually to 
groundwater in addition to reducing dependence on imported water.  The 13,000 – 
33,000 ac-ft recharge volumes modeled in this study may be slightly conservative as 
infiltration rates under BMPs were assumed on the low end (0.5 in/hr).  The 
infiltration assumption could be more aggressively modeled if BMPs could be 
strategically placed in locations with naturally high infiltration rates.  However, due to 
the geologic characteristics, high infiltration rate opportunities may be limited.  
Nevertheless, the enhancement of local groundwater increases system resiliency, by 
reducing future uncertainty of the hydrologic system to potential future impacts such 
as climate change. 
The reduction in peak discharge does not have an immediate direct financial 
impact, as does groundwater recharge potential.  The primary reason for this is the 
capital costs which have already been spent in order to construct flood protection 
facilities along Ballona Creek.  However, considering future climate uncertainty, 
existing flood protection measures may be insufficient to accommodate larger or 
more intense storms.  The reduction in peak discharges as a result of the BMP 
scenarios could render significant savings over channel retrofits or other flood 
 




protection facilities in the future.  Furthermore, the reduction in peak flows could 
allow for the certain sections of the creek bed to be returned to a more natural state, 
but would require extensive additional hydraulic analysis. 
 
5.3. Other Benefits 
The LACWSA, as discussed in section 1.5, also aims to quantify other 
benefits from BMP projects such as:  
 Added green space or open space 
 Habitat augmentation or rehabilitation 
 Increased passive and active recreation opportunities 
 Impacts on other water sectors such as wastewater and recycled water  
Similar to the secondary benefits listed above, these other benefits should be 
considered when analyzing the overall impact of individual or collective BMP 
projects.  Some studies have reported constituent engagement is critical and may 
lead to more willingness to accept slightly higher costs if secondary benefits, such as 
habitat and recreation, are quantified (Kaplowitz and Lupi 2012; Kenney et al. 2012). 
Furthermore, some of these benefits may not be realized in the watershed but are 
linked due to imported water impacts.  For example, if BMPs reduce imported water 
from the LA aqueduct; required habitat mitigation linked to the aqueduct in upstream 
watersheds could be reduced since more of the regional water will remain in the 
local system. 
 
5.4. Recommendations for Future Research 
Although data is more abundant in Ballona Creek watershed compared to 
other urban watersheds increasing the number of data points for pollutant loads 
would increase the confidence in the model’s predictive capabilities.  Additional land 
use based pollutant loads could also be reinforced with more data points and 
analyzed to ascertain the source of extreme variability seen between EMCs even 
within the same land use or same site.  Additional data points would also allow for 
 




more in depth analysis of the pollutant buildup and washoff mechanics occurring in 
the watershed.  Perhaps including anthropogenic activities like street sweeping 
could account for the wide variation in correlation between antecedent days and 
pollutant buildup.  GIS shape files could be generated to replicate the spatial and 
temporal variability of street sweeping in different sub-watersheds. 
The green infrastructure recommended herein also requires water during the 
dry season to remain effective pollutant removers.  How might the use of reclaimed 
and/or gray water impact BMP’s long-term effectiveness? Multi-use benefits, such as 
parks, are a key element for many stormwater projects.  Will the accumulation of 
pollutants on these facilities impact human health by pooling pollutants or increasing 
the possibility of contact? 
A rigorous examination of aerial photography and local site knowledge is 
required to determine individual project and BMP feasibility.  For example, some 
street medians could incorporate vegetative swales or infiltration trenches while 
others may not due to site-specific constraints or characteristics.  Furthermore, a 
detailed analysis of fine resolution soil data is necessary to identify high priority 
infiltration catchments that could support infiltration BMPs.    
Climate change will likely impact urban areas in the future.  Rising sea levels 
could impact coastal flooding and localized discharge points.  Precipitation volumes, 
seasonal distribution of precipitation, as well as storm intensity could all be impacted 
by climate change and could intern affect BMPs.  Future research should analyze 
the impacts of these fluctuations on BMP placement and performance.  Some 
studies have attempted to quantify these impacts in rural settings (Woznicki et al. 
2011), but few in urban areas. 
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